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BLOCK  19  (continued) 

The  conclusions  drawn  from  the  correlation  analysis  are: 

(1)  Overall,  statistically  significant  correlations  of  fuel  parameters  with  combustor 
test  results  were  obtained  in  fewer  than  50%  of  the  tests.  The  two  fuel  properties  that 
best  correlated  smoke-related  test  results  were:  the  laboratory  diffusion  flame  fuel  con¬ 
sumption  rate  at  the  smoke  point  and  the  diffusion  flame  threshold  sooting  index.  The 
average  coefficient  of  determination,  ra,  for  correlations  of  the  best  fuel  parameter,  the 
diffusion  flame  fuel  consumption  rate  at  the  smoke  point,  with  the  45  test  results  was 
0.37. 

(2)  In  about  25%  of  the  combustor  tests  the  operating  conditions  varied  enough  to 
give  significant  correlations  between  the  smoke-related  tests  results  and  the  values  of  the 
operating  conditions. 

(3)  The  radiation  flux  data  were  correlated  with  fuel  properties  better  than  the 
other  combustor  test  data. 

(4)  The  combustor  liner  temperature  rise  data  correlated  better  with  variations  in 
the  engine  operating  conditions  than  with  any  fuel  parameter. 

(5)  Premixed  laboratory  flame  measurements  on  the  test  fuels  were  unsuccessful  in 
correlating  the  combustor  results. 

(6)  Aromatic  hydrocarbon  content  data,  divided  into  mono-  and  polycyclic  aromatic 
hydrocarbon  classes,  were  unsuccessful  in  correlating  the  combustor  results. 

(7)  Total  aromatic  hydrocarbon  content,  measured  at  the  Naval  Research  Laboratory 
using  the  HPLC/DRI  technique,  was  found  to  correlate  the  combustor  test  results  better  than 
the  data  obtained  using  the  ASTM  FIA  technique.  Note,  however,  that  total  aromatic  con¬ 
tent  was  not  one  of  the  best  fuel  parameters  for  correlating  these  combustor  data. 

(8)  Based  on  the  results  of  this  program,  no  universal  fuel  parameter  for  correla¬ 
ting  smoke-related  engine  test  results  has  been  identified. 

Supporting  Work 

To  support  the  fuel  effects  correlation  analyses,  numerous  laboratory  measurements  were 
conducted  on  the  ten  test  fuels  and  a  few  blending  components.  These  measurements  include: 
densities,  molecular  weights,  diffusion  and  preraixed  flame  soot  thresholds,  and  diffusion 
and  premixed  flame  soot  yields.  Some  results  obtained  from  this  work  are: 

(1)  Development  of  a  technique  and  apparatus  for  measuring  laminar  diffusion  flame 
soot  yields. 

(2)  Development  of  a  mixture  rule  for  calculating  diffusion  flame  soot  yields. 

(3)  Testing  of  the  diffusion  flame  soot  threshold  mixture  using  NMR  chemical  class 
analysis. 

(4)  Analysis  of  the  significance  of  flame  temperature  in  sooting  premixed  laminar 
flames. 

(5)  Development  of  an  improved  premixed  flame  mixture  rule  for  both  soot  thresholds 
and  soot  yields. 
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Fitting  constant  for  tsmparaturs  data. 


a  Fitting  constant  for  diffusion  flaas  thrsshold  soot 

indsx. 

a'  Fitting  constant  for  prsaixsd  flams  thrsshold  soot 

indsx. 

ASTK  Assrican  Socisty  for  Tasting  and  Matsrials. 

ARX  Voluss  psrcsnt  of  aromatic  hydrocarbons  dstsrminsd  by 

(HPLC)  high  prsaaurs  liquid  chromatography. 

AR*  (FI A)  Volums  psrcsnt  of  aromatic  hydrocarbons  dstsrminsd  by 
fluorsscsncs  indicator  absorption. 

B  Fitting  constant  for  tsmpsraturs  data. 

b  Fitting  constant  for  diffusion  flams  thrsshold  soot 

indsx. 

b'  Fitting  constant  for  prsmixsd  flaas  thrsshold  soot 

indsx. 

c  Spssd  of  light. 

C/0  Carbon  to  oxygsn  mols  ratio. 
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F/A  Total  fusl  to  air  mass  ratio. 
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AFCR  Incrsaas  in  fusl  mass  consumption  rats  bsyond  that  at 

ths  amoks  point  nscsssary  to  producs  soot  at  a  rats  of 
200  |>g  s*l. 

FIA  Fluorsscsncs  indicator  absorption. 

fv  Soot  volums  fraction. 

f°v»i  Soot  volums  fraction  for  hydrocarbon  i  at  soot 

thrsshold. 


f v»mix 


Soot  volums  fraction  for  hydrocarbon  mixturs 


Weight  percent  hydrogen  in  fuel. 


H* 

HPLC/DRI  High  preeeure  liquid  chromatography  ueing  differential 
refractive  index  detector. 

h  Diffuaion  flame  height  at  the  smoke  point. 

IR  Infrared, 

k  Boltzmann's  constant. 

LTR  Liner  temperature  rise. 

NCAH  Weight  percent  monocyclic  aromatic  hydrocarbon  content 

in  fuel  determined  by  HPLC. 

MW  Molecular  weight. 

HWj,  Molecular  weight  of  mixture  component  i. 

NAPC  Naval  Air  Propulsion  Center. 

MMR  Nuclear  magnetic  reeonance. 

NRL  Naval  Research  Laboratory. 

PA  Radiated  power  per  unit  wavelength  at  wavelength  A. 

Pin  Coabuator  inlet  air  pressure. 

PCAH  Weight  percent  polycyclic  aromatic  hydrocarbons  in  fuel 

determined  by  HPLC. 
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SPE  Soot  production  efficiency,  defined  am  the  slope  of  the 

eoot  production  rate  va.  fuel  consumption  rste  curve  in 
the  10O  -  300  pg  s~l  region. 
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Soot  mesa  production  rate  from  a  diffusion  flame 
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Soot  aaas  production  rat*  from  a  aixtura. 

Praaixad  flaaa  taaparatura  at  aoot  thraahold. 
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whara  tha  aoot  voluaa  fraction  ia  2  x  10“7. 
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Thraahold  aoot  indax. 

Thraahold  aoot  indax  for  coaponant  i  in  a  aixtura. 
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Hole  fraction  of  PCAH  froa  NHR  analysis. 

Tha  slope  of  a  soot  voluaa  fraction  vs.  equivalence 
ratio  plot. 

Tha  slope  of  a  soot  voluaa  fraction  vs.  equivalence 
ratio  plot  for  coaponant  i. 

Tha  aaissivity  at  wavelength 

Tha  slope  of  a  soot  volume  fraction  vs.  inverse 
taaparatura  plot. 

Tha  slope  of  a  soot  volume  fraction  vs.  inverse 
taaparatura  plot  for  component  i. 

Wavelength . 
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Thraa  wavalangth  aaiaaion  pyroaatar. 

Equivalanca  ratio. 

Praaixad  flaaa  soot  thraahold  aquivalanca  ratio 


«c 

®c» i  Praaixad  flama  aoot  thraahold  aquivalanca  ratio  for 

coaponant  i . 

0(fv)  Praaixad  flaaa  aquivalanca  ratio  at  which  tha  aoot 

voluaa  fraction  at  2.0  ca  abova  tha  burnar  aquala  2 
10-7. 

Oaatarad  Coabuator  fual  to  air  aquivalanca  ratio. 


The  constant*,  269  and  118,  wars  determined  for  the  “unregulated 
burner"  by  measuring  the  0C  values  for  10  pure  hydrocarbons  for 
which  TSIpf  values  had  been  reported  by  Calcote  and  Manos,4  and 
then  performing  a  linear  least  squares  fit  of  reported  TSI  values 
for  these  hydrocarbons  to  measured  0C  values  (see  Ref.  2).  The 
“regulated  burner**  was  not  calibrated,  so  TSIs  were  calculated 
using  the  “unregulated  burner"  a  and  b  values.  For  the  purposes 
of  correlation  with  the  combustor  results,  either  set  of  TSIs  is 
fully  self -consistent  and  therefore  suitable. 

The  premixed  flame  TSI  values  for  the  NAPC  fuels,  calcula¬ 
ted  from  the  unregulated  and  regulated  0C  values,  are  given  in 
Table  7.  The  AeroChem-A  fuel  mixture  TSIpf  values  are  given  in 
Table  2. 


4.  Soot  Volume  Fraction  Measurements 

The  soot  volume  fractions,  fv,  the  fraction  of  combustion 
gas  volume  occupied  by  the  soot  particles,  were  measured  in  this 
work  by  determining  how  the  extinction  of  light  by  soot  particles 
(due  to  both  scattering  and  absorption)  changed  with  wavelength. 
This  variation  also  depends  on  the  soot  particle  number  density, 
diameter,  and  complex  index  of  refraction. 

Pagni  and  Bard27  have  developed  a  practical  scheme  for  re¬ 
ducing  wavelength-dependent  extinction  data  to  soot  concentration* 
(i.e.,  soot  volume  fractions)  when  Mie  theory  applies,  as  it  does 
in  the  present  case  where  the  soot  particles  are  of  similar  size 
compared  to  the  wavelength  of  light  used  in  the  measurements.  This 
procedure  was  followed  using  the  complex  index  of  refraction  for 
soot  as  reported  by  Lee  and  Tien. 28 

In  this  work,  when  both  the  Mie  theory  and  the  simpler 
Rayleigh  scattering  theory  (valid  when  the  particles  are  smaller 
than  the  wavelength)  fy  values  were  calculated  (even  though  the 
Mie  theory  should  have  been  used),  the  ratio  of  the  soot  volume 
fractions  was  approximately  constant:  fy(Rayleigh) /fv(Mie)  ■  2.25 
t  0.10.  Therefore,  when  Mie  theory  values  of  fv  could  not  be 
calculated  because  of  poor  signal  to  noise  ratios,  then  Rayleigh 
fv  (which  could  be  obtained  with  poorer  data)  were  obtained  and 
divided  by  2.25  as  a  reasonable  fv  estimate. 

The  apparatus  is  shown  in  Fig.  4.  A  tunable  argon  ion 
laser  (5  mW  power  per  laser  line)  provided  monochromatic  light  at 
515  nm  or  488  nm •  A  helium-neon  laser  provided  633  nm  light.  The 
laser  beams  were  aligned  to  ensure  that  each  laser's  light  beam 
would  traverse  identical  paths  through  the  flame.  The  pathlength 
of  the  light  beams  through  the  flame  was  increased  by  multiple 
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Atmospheric  pressure  lsainar  praalxad  flaass  war*  stabilized 
on  a  2.1  cm  i.d.  atainlaaa  staal  tuba  bundla  (130  tubaa,  0.1  ca 

i.d.),  and  wara  aurroundad  by  an  annular  fual-rich  propane/air 
ahroud  flaaa.  To  control  tha  burnar  taaparatura  with  or  without  a 
flaaa  burning,  both  air  cooling  and  alactrical  haating  wara  uaad. 


Tha  jet  fuala  wara  satarad  uaing  a  praciaion  bora  ayringa 
dr i van  by  a  atapping  motor  driva.  For  tha  axparimanta  raportad 
hara,  tha  fual  feed  rata  waa  0.955  t  0.006  cm3  min“l.  Tha  liquid 
fual  waa  air-atomized  into  a  haatad  vaporization  chambar  and  mixad 
with  additional  air.  Air  flowa  wara  matarad  through  calibratad, 
critical  flow  orifica  ayatama;  tha  air  and  fual  flow  uncartaintiaa 
wara  aach  about  *  0.6*.  Tha  aoot  thraahold  aquivalanca  ratio 
could  ba  raproducad  within  ±  2*. 

Thia  burnar  waa  oparatad  in  two  modaa.  In  tha  "unregula- 
tad  burnar**  moda,  tha  burnar  waa  allowad  to  raach  tharmal  equilib¬ 
rium  with  tha  flama,  that  ia,  tha  burnar  alactrical  haating  coil  and 
air  cooling  wara  turnad  off.  In  thia  moda,  tha  burnar  aurfaca 
taaparatura  waa  typically  290-350*0.  Tha  “ragulatad  burnar"  moda 
aaployad  both  air  cooling  and  alactrical  heating  to  maintain  tha 
burnar  aurfaca  at  250  ±  10*C. 

Furthar  detaila  of  the  apparatus  and  ita  operation  can  ba 
found  in  Rafa.  2  and  5. 

2.  Soot  Thraahold  Equivalence  Ratios 

Tha  aoot  threshold  aquivalanca  ratio,  0c>  ia  defined  aa 
tha  aquivalanca  ratio  at  tha  first  appearance  of  visible  yellow 
amiaaion.  Somatimaa  "yellow  streaks”  would  first  appear  at  tha 
circumfaranca  of  tha  flama  and  than,  as  tha  flaaa  waa  made  more 
fual  rich,  throughout  the  canter  of  tha  flama.  In  these  flames, 
tha  aoot  thraahold  waa  taken  aa  tha  first  appearance  of  yellow 
atraaka  within  tha  canter  of  tha  flama.  Tha  soot  thraahold  aqui¬ 
valanca  ratio  for  aach  NAPC  fual,  as  wall  aa  for  several  blending 
components,  waa  determined  in  both  tha  "ragulatad  burner"  and 
"unregulated  burner"  modes  aa  shown  in  Table  7.  Tha  results  for 
AaroCham-A  are  given  in  Table  2.  Results  for  pure  hydrocarbons2 
and  other  mixtures  have  bean  raportad  previously. & 

3.  Thraahold  Sooting  Indlca* 

Tha  aoot  threshold  aquivalanca  ratio  for  any  specific 
fual  depends  on  tha  burnar  apparatus  employed  in  the  measurement. 

For  the  present  apparatus,  tha  premixed  flame  threshold  soot  index, 
TSIpf,  is  calculated  from  tha  relation: 

TSIpf  «=  269  -  118<0C>  . 
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Tha  data  ara  collected  in  Tabla  5  < hydrocar bona)  and  Tabla  6  (NAPC 
fuala) . 


Thia  aaction  daacribaa  tha  praaixad  flaaa  apparatua  and  aaa- 
auraaanta.  Tha  aaaauraaanta  wara:  (1)  tha  aoot  thraahold  aquiva- 
lanca  ratio#  0c#  <2>  tha  plataau  aoot  voluaa  fraction  aa  a  function 
of  aquivalanca  ratio;  (3)  flaaa  tanparaturaa  for  aooting  flaaaa 
uaing  thraa-wavalangth  aaiaaion  pyroaatry;  and  (4)  flaaa  taapara- 
turaa  of  nonaooting  flaaaa  uaing  fina  wira  tharaocoupla  probaa. 

Moat  of  tha  aaaauraaanta  daacribad  balow  wara  carriad  out 
ovar  a  ranga  of  aquivalanca  ratioa  for  aach  NAPC  fual.  Tha  aquiva¬ 
lanca  ratio#  0#  ia  dafinad  by  tha  aquation: 

0  ■  ( fual /air 


< fual /air >atoichioaatric 

whara  (fual /air > actual  ia  tha  fual  to  air  nola  ratio  for  tha  flaaa 
and  <fual/air>st.oichioaatric  ia  tha  fual  to  air  aola  ratio  for 
coaplata  coabuation  to  CO2  and  H2O.  For  axaapla#  to  burn  a 
hydrocarbon  of  aapirical  foraula  CxHy  in  air  coaplataly  to  CO2  and 
H2O#  tha  fual  to  air  ratio  ia  givan  by  (aaauaing  20.946X  by  voluaa 
O2  in  dry  air, 25 


(fual /air) atoichioaatric  * 


4.774  lx  ♦  (y/4) ] 


For  a  jat  fual#  tha  avaraga  aolacular  waight  and  tha  hydrogan 
contant  of  tha  fual  ara  naadad  to  calculata  ita  avaraga  aapirical 
foraula.  Uaing  tha  ralationahip#  MWfual  *  x(12.01>  ♦  y(1.008># 
tha  following  foraulaa  ara  obtainad: 


MWfual  100X  -  Hx 


12.01 


100X 


MWf ual 
1.006 


100X 


Thua  for  axaapla#  tha  aapirical  foraula  for  NAPC-1  ia  Ci2.9lH23.72 
and  (fual/air)«toichioaatric  •  0.0111. 


Tha  praaixad  flaaa  burnar  la  aiailar  to  tha  ona  uaad  in  an 
aarliar  prograa  at  AaroChaa2  with  a  faw  aodlf icationa. 
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larger  than  0.3  pa  and  are  atabla  to  400*C.  A  aaall  vacuum  pump 
warn  uaad  to  pull  amoka-ladan  combuation  gaaaa  through  tha  filter. 

The  filter  aaaembly  warn  placed  at  the  top  of  the  chimney  when 
collecting  amoke  aaaplea  from  the  diffuaion  flaaea.  All  of  the 
•moke  eecaping  from  tha  flame  waa  collected  on  the  filter. 

Soot  production  ratea  ware  meaaured  am  follows:  A  fraah 
glaaa  fiber  filter  waa  weighed  to  ±  0.05  mg  and  then  loaded  into 
the  filter  holder.  A  flame  waa  eatabliahed  and  the  chimney  put  in 
place.  The  amoke  collection  probe  waa  placed  off-center  of  the 
flame  axia  (avoiding  the  amoka  trail  of  tha  flame) .  After  several 
minutes  of  burning,  the  burner  balance  waa  tared  to  zero,  a  timer 
started,  and  tha  amoke  collection  probe  moved  to  the  center  of  the 
smoke  trail.  At  tha  and  of  fixad  time  periods  (from  3  to  12  min¬ 
utes,  depending  on  the  sootineas  of  the  flame),  the  fuel  maae 
consumed  was  recorded  (*  balance  reading),  the  smoke  collection 
probe  moved  out  of  the  smoke  trail,  and  tha  timer  atopped.  The 
smoke  collection  probe  was  then  disassembled  and  the  glass  filter 
removed  with  forceps.  The  filter  paper  (and  collected  amoke  sample) 
was  then  weighed  to  the  nearest  0.1  mg.  The  soot  production  rate 
(SPR)  was  then  calculated  as  the  smoke  mass  divided  by  the  collec¬ 
tion  time,  and  the  fuel  consumption  rate  (FCR)  was  the  fuel  mass 
consumed  divided  by  the  collection  time.  The  procedure  was  repeated 
so  that  a  range  of  flames  heights  (i.e.,  a  range  of  FCRs),  from 
lightly  to  heavily  sooting  was  measured  for  each  fuel. 

Initially,  it  was  thought  that  the  soot  collected  on  the 
9i«ee  filter  would  contain  a  large  fraction  of  water  or  volatile 
organics.  Therefore,  the  mass  change  of  clean  glass  filters  and 
amoke- laden  filters  which  had  been  baked  for  several  hours  at 
150*C  was  meaaured.  To  a  precision  of  0.1  mg,  it  was  found  that 
neither  clean  glass  filters  or  smoke-laden  filters  lost  or  gained 
mass  in  the  heat  treatment.  After  several  tests,  it  was  determined 
that  the  heat  treatment  was  unnecessary. 

The  precision  of  the  SPR  and  FCR  values  depends  primarily 
on  the  precision  of  the  maas  determinations  of  soot  produced  (t 
0.1  mg)  and  fuel  consumed  (±  10  ag),  respectively.  The  collection 
times  were  chosen  such  that  3  to  30  mg  of  soot  was  collected  and 
200  to  400  mg  of  fuel  consumed,  irrespective  of  the  sootineas  of 
the  flame.  Thus,  the  precision  of  a  SPR  value  is  0.3-3X  (t  0.1 
mg  out  of  3-30  mg)  and  the  precision  of  a  FCR  value  is  *  2. 5-5. OX 
(*  10  mg  out  of  200-400  mg) .  The  lower  precision  values  are  typical 
only  of  the  data  collected  for  the  lightly  sooting  flames  (i.e., 
flames  near  soot  threshold) . 

These  measurements  of  SPR  and  FCR  are  unique.  Therefore, 
in  addition  to  NAPC  1-10,  several  pure  hydrocarbons,  two  binary 
mixtures  of  isooctane/ toluene,  and  AeroChem-A  were  also  measured. 
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2.  Diffusion  Elflag  Thrtthold  Sooting  Indsx  -  TSI 

The  diffusion  flans  Threshold  Sooting  Index,  TSIdff  for 
aach  fual  was  calculated  from  tha  relationship  (Ref.  4> : 

TSIdf  -  a  ♦  b  (MW/SP) 

where  MW  is  the  average  molecular  weight  of  the  fuel  (Table  3)  and 
SP  is  the  AeroChea  measured  smoke  point  of  the  fuel.  The  constants, 
a  and  b,  are  determined  for  each  burner  system  by  measuring  the 
smoke  points  of  several  prsvioualy  studied  pure  hydrocarbons  for 
which  TSI  values  are  known.  The  calibration  constants  for  our  ASTM 
smoke  point  apparatus  have  been  previously  reported*:  a  *  -1.5 
and  b  *  3.32.  These  TSIdf  values  are  reported  in  Table  4.  The 
TSIdf  for  AeroChem-A  was  calculated  from  its  smoke  point  as  17.9 
using  the  theoretical  MW. 

3.  Soot  Production  Rates 

The  soot  production  rate  is  defined  as  the  mass  of  smoke 
per  second  which  escapes  from  a  diffusion  flame.  Of  course,  the 
smoke  production  rate  will  depend  on  several  factors  including 
the  rate  at  which  fuel  is  consumed  by  the  flame. 

The  apparatus  used  in  this  work  is  shown  in  Fig.  2.  The 
burner  consists  of  two  closely  fitting  concentric  aluminum  tubes 
in  which  an  ASTM  specification^  cotton  wick  was  installed.  The 
inner  tube  and  wick  were  movable  within  the  outer  tube  using  a 
rack  and  pinion  drive  which  provided  a  means  of  exposing  more  or 
less  wick  beyond  the  outer  tube  lip,  and  therefore,  the  fuel  feed 
rate.  The  fuel  was  contained  within  a  13  cm3  polypropylene  reser¬ 
voir.  This  burner  is  lightweight  and  it  was  mounted  on  the  weighing 
plstform  of  a  top  loading,  digital  readout  balance  with  electronic 
taring  capability  (300  g  capacity,  0.01  g  readability).  Air  was 
supplied  to  the  burner  through  a  10.0  cm  diam  aluminum  honeycomb, 
which  was  mounted  within  a  brass  housing.  The  burner  tube  projects 
through  a  1.5  cm  diam  opening  in  the  center  of  the  brass  housing 
as  shown  in  Fig.  2.  A  steel  washer  prevents  any  air  flow  through 
the  central  hole  of  the  brass  housing.  This  washer  did  not  touch 
the  burner  or  affect  the  weight  measurements.  A  Pyrex  process 
pipe  reducing  union  (10  cm  i.d.  at  base,  5  cm  i.d.  at  top)  was 
mounted  on  the  brass  housing  and  served  as  a  chimney. 

A  soot  collection  probe  (Fig.  3)  was  fabricated  from  a 
metal  filter  holder.  The  filter  retainer  ring  was  machined  to  a 
flat,  smooth  surface  on  the  side  which  contacted  the  glass  fiber 
filter.  This  modification  permitted  use  without  the  Teflon  gasket 
and  thus  the  filters  could  be  removed  without  tearing  or  loss  of 
fiber  material.  The  binderleaa  glass  fiber  filters  (25  mm  o.d.. 
Type  A/E,  Gelman  Sciences  Inc.)  remove  99.9k  of  all  particles 
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9  Kf 

MW  «  lOOO  - - <1  -  kf  Tf) 

G  Tf 

where  g  ■  grans  of  solute  in  solvent,  G  -  grass  of  benzene,  Kf  ■ 
solal  freezing  point  depression  constant  < -  5.12  deg  molel~l),  and 
kf  ■  correction  constant  (»  0.011  deg-*).  The  literature  value  for 
the  freezing  point  of  pure  and  dry  benzene  is  5.52  ±  0.01*C  (average 
of  values  reported  in  Refs.  24  and  25).  For  jet  fuels,  which  are 
mixtures  of  nonassociated  hydrocarbons,  the  sole  fraction  weighted 
molecular  weight  is  obtained. 

A  typical  cooling  curve,  a  temperature  vs.  time  plot,  is 
shown  in  Fig.  1  for  the  results  obtained  with  a  benzene/NAPC-6 
mixture.  For  pure  benzene  and  benzene/fuel  mixtures,  the  liquid 
alwsys  supercooled;  that  is,  the  solution  temperature  dropped 
below  the  freezing  point  of  the  mixture,  then  the  temperature 
rapidly  increased  within  typically  a  30  s  time  period,  and  finally, 
the  temperature  would  remain  constant  to  within  0.01*C  over  a  time 
period  of  10-20  minutes.  The  constant  temperature  region  subsequent 
to  supercooling  is  the  true  freezing  point  of  the  mixture. 

The  freezing  point  depressions,  Tf,  measured  for  all  the 
fuels  and  blending  components,  are  listed  in  Table  3  together  with 
the  calculated  molecular  weights  of  the  fuels.  The  freezing  point 
depression  and  calculated  molecular  weight  of  AeroChem-A  are  listed 
in  Table  2. 


B.  BIFfUglQP  -FIAHE 

The  diffusion  flame  measurements  Included  the  ASTM  smoke  point, 
the  fuel  mass  consumption  rate  (FOR)  at  soot  threshold  <FCR0>,  the 
increase  in  fuel  mass  consumption  rate  above  soot  threshold  nec¬ 
essary  to  produce  soot  at  a  rate  of  200  H9  »-1  (AFCR),  and  the 
smoke  production  efficiency  (SPE  *  fraction  of  fuel  converted  to 
smoke) . 

1*  ASTM  Smoke  Point 

The  smoke  point  is  the  minimum  flame  height  at  which  smoke 
just  escapes  from  the  tip  of  a  diffusion  flame.  The  ASTM  smoke 
point  is  thoroughly  described  in  the  American  Society  for  Testing 
and  Materials  publication  ANSI/ASTM  D1322-75  (Ref.  26).  The  ASTM 
aaoke  points  for  the  NAPC  fuels  and  blending  components  are  listed 
in  Table  4. 
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III.  EXPERIMENTAL 

This  •action  contains  a  description  of  the  laboratory  proce¬ 
dures  and  apparatus  utilized  in  this  progras  for  fuel  property 
•easuresents.  The  fuel  properties  which  were  measured  include: 
density,  average  molecular  weight,  ASTM  amoke  point,  critical 
equivalence  ratios,  flame  temperaturea,  and  aoot  yields. 

The  laboratory  measurements  described  below  were  carried  out 
on  MAPC-1  through  10,  moat  of  the  blending  agenta,  and  AeroChem-A. 
The  MAPC  fuels  available  to  this  program  are  listed  in  Table  1. 
AeroChem-A  was  blended  using  six  pure  hydrocarbons  and  waa  used  to 
gauge  the  accuracy  of  the  test  procedures  against  its  properties, 
which  could  be  calculated  from  its  known  composition.  The  Aero- 
Chea-A  mixture  wss  prepared  by  mixing  weighed  quantities  of  the 
pure  hydrocsrbons  listed  in  Table  2.  The  hydrocarbons  used  were 
>  95x  purity.  The  molecular  weights,  molecular  formulas,  and  mole 
fractions  of  the  hydrocarbon  components,  as  well  as  the  average 
molecular  formula,  mole  fraction  weighted  MW,  and  weight  percent 
hydrogen  content  <HX)  of  AeroChem-A  are  liated  in  Table  2. 


A.  PHYSICAL  PROPERTIES 

The  physical  properties  measured  for  each  fuel  were  fuel 
density  at  20"C  and  the  mole  fraction  weighted  molecular  weight. 
These  properties  were  used  in  calculating  the  TSIs  for  the  fuels. 

1.  Qpnsi.£y 

The  densities  of  all  the  NAPC  fuels  and  blending  components 
were  measured  by  weighing  a  known  volume  of  each  fuel  in  a  cali¬ 
brated  volume  pycnometer.  The  fuel  mass  was  typically  in  the 
range  of  8-10  g  and  was  recorded  to  five  significant  figures. 

The  densities  of  all  the  NAPC  fuela  are  reported  in  Table 
3  at  a  temperature  of  20  ±  1*C.  The  denaity  of  AeroChem-A  is 
given  in  Table  2.  The  densities  are  estimated  to  be  accurate  to 
*  0.0008  g  cm~3;  this  uncertainty  results  primarily  from  the  tem¬ 
perature  uncertainty. 

2.  BoitsylqEjjtflaM- 

The  molecular  weights  were  determined  by  the  freezing 
point  depression  techniqus23  using  benzene  as  solvent.  For  a 
highly  dilute  aolution,  the  molecular  weight  of  the  aolute,  MW,  is 
related  to  the  freezing  point  depression  of  the  mixture  (Tf,  *C) 
by  the  expression 
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physical  propart isa  such  aa  viscosity,  volatility,  and  aurfaca 
tanaion,  primarily  influence  combustion  afficiancy,  axtinction 
limits,  and  ignition  propartiaa.  Fual  chamical  propartiaa,  such 
aa  hydrogan  contant,  amoka  point,  and  aromatic  contant,  affact 
amoka  amissions,  flams  radiation,  and  wall  tamparatura.  Lafabvra 
did  not  compara  tha  importanca  of  thaaa  fual  chamical  propartiaa. 

Tha  most  widaly  and  racantly  uaad  corralation  paramatar  of 
amoka-ralatad  angina  parformanca  data  is  tha  waight  parcant  of 
hydrogan  <HK>  in  tha  fual.  Tha  auccaaa  of  this  fual  paramatar, 
howavar,  may  raault  aomawhat  from  tha  limitad  variation  of  fual 
compositions  amployad  in  fual  affacts  studias  of  angina  parfor¬ 
manca  and  also  possibly  from  tha  fact  that  tha  H*  can  ba  pracissly 
and  raproducibly  maasurad.  Othar  fual  paramatars  which  hava  baan 
examined  includa  tha  amoka  point,  total  aromatic  contant,  and 
aromatic  contant  subdividad  into  singla  ring  and  multipla  ring 
fractions. 

■oaaa  at  al. 20»21  found  that  total  waight  parcant  aromatics 
eorralatad  wall  with  maasurad  flams  radiation  flux  in  both  a  T63 
combustor  and  a  Phillips  2-inch  combustor.  Friswell22  also  notad 
that  amoka  amissions  eorralatad  wall  with  total  aromatic  contant 
in  a  raaaarch  gas  turbina. 

In  summarizing  tha  rasults  of  pravious  studias  on  fual  affacts 
on  gas  turbina  smoka-ralatad  parformanca,  tha  hydrogan  waight 
parcant  is  tha  most  commonly  usad  and  possibly  tha  bast  corralating 
paramatar  found  to  data.  Howavar,  with  furthar  investigation, 
othar  laboratory  fual  paramatars  may  ba  found  to  corralata  as  wall 
or  bat tar. 

Ona  limitation  of  almost  all  of  thaaa  pravious  angina  or 
combustor  tasting  programs  has  baan  insufficient  characterization 
of  tha  chamical  composition  of  tha  fual  blends.  A  great  deal  of 
effort  has  baan  expanded  on  the  experimental  work  with  little 
characterization  of  the  fuels  beyond  tha  most  basic  physical 
property  measurement*  and  chemical  class  analyses. 
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for  44  pur*  fu*l«  including  «lk«n*«,  alkenea,  alkynes,  and 
aromatic*.  Th*  soot  yield*  w*r*  found  to  incr****  nearly  exponen¬ 
tially  in  every  case,  with  increasing  equivalence  ratio  beyond  the 
threshold.  The  elope*  and  intercept  value*  of  *eai logarithmic 
plot*  of  moot  yield  againat  equivalence  ratio  were  reported. 


d.  Bifida,  of  imiumcE  .qilsoqt  j&bbauqm. 

All  previous  significant  laboratory  studies  on  fuel  composi¬ 
tion  effect*  have  been  performed  in  laminar  flames.  The  question 
naturally  arises  whether  sooting  tendencies  (soot  thresholds  and 
yields)  measured  under  laminar  conditions  are  relevant  to  turbu¬ 
lent  combustion.  The  possibility  exists  that  the  relative  ranking 
of  various  hydrocarbons  will  be  the  same  or  similar  to  that  deter¬ 
mined  in  these  laminar  flame  studies,  in  spite  of  the  differences 
in  the  overall  combustion  processes. 

Although  a  complete  literature  review  has  not  been  performed, 
two  studies  were  identif i*d!6» l?  which  qualitatively  show  that 
the  ordering  of  fuel  sooting  tendencies  in  turbulent  flames  is 
similar  to  the  ordering  in  laminar  flames.  A  total  of  only  eight 
fuels  was  studied  by  these  groups,  so  this  conclusion  is  certainly 
preliminary. 


E.  EFFECTS  OF  PRESSURE  ON  SOOTING  TEHDENCIES 

In  a  comprehensive  review,  Haynes  and  Wagner***  concluded  that 
soot  yield*  in  both  premixed  and  diffusion  flames  increase  drema- 
tically  at  higher  pressures,  whereas  soot  thresholds  are  relative¬ 
ly  unaffected  by  pressure.  For  premixed  flames,  w*  find  that  the 
literature  results  are  much  less  conclusive  than  Haynes  snd  Wagner 
presented.  They  refer  to  only  three  studies  of  pressure  effects 
on  soot  thresholds  and  soot  yields,  and  in  these  studies  the  only 
aromatics  studied  were  benzene  and  naphthalene.  Furthermore,  if 
benzene  is  representative  of  the  aromatic  class,  th*  results  of 
Hacfarlane  et  al.*4  indicate  a  much  lower  pressure  dependence  of 
th*  soot  yield  from  aromatics  than  observed  for  alkanes  and  alkenes. 


F.  PREVIOUS  FUEL  EFFECTS  CORRELATIONS 

Th*  many  analyses  of  fusl  affects  that  have  been  performed  will 
not  be  discussed  here.  The  following  is  only  a  brief  overview  of 
prior  work: 

Lef*bvr*13  for  example,  has  recently  reexamined  the  question 
of  which  engine  performance  and  emission  characteristics  are  sensi¬ 
tive  to  fuel  properties.  As  before,  Lefebvre  found  that  fuel 
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threshold  equivalence  ratio  incr*«Md  as  the  tMptratur*  of  the 
unburned  gas  in  a  Bunaan  flaaa  was  raiaad.  Millikan®  atudiad 
praaixad  flat  athylana/air  flaaaa  on  coolad  porous  burnara  and 
aiailarly  found  a  taaparatura  dapandant  soot  thraahold.  Glaaaaan 
and  eowerkara^'H  racantly  diacuaaad  tha  iaportanca  of  taaparatura 
in  soot  thraahold  aaaauraaanta  in  diffusion  and  praaixad  flaaaa. 

Baegeli  at  al.12  atudiad  flaaa  taaparatura  and  fual  coa posi¬ 
tion  affacta  in  a  turbulant  raaaarch  coabuator  simulating  turbooat 
angina  conditions.  Thay  found  that  highar  flaaa  teaperaturea, 
producad  by  incraaaing  tha  inlat  air  teaperaturea,  cauaad  an  in¬ 
crease  in  tha  quantity  of  aoot  foraad  (as  aaaaurad  by  both  flaaa 
aaiaaion  intensity  and  opacity) ,  aiailar  to  tha  trend  observed^  in 
laboratory  diffusion  flaaaa.  Tha  affacta  of  different  fual  bland 
coapoaitiona  on  aoot  foraation,  however,  ware  found  to  be  greater 
than  could  be  explained  by  taaparatura  dapandanca  affacta  alone. 

Olaon  and  Madronlch^®  atudiad  tha  affacta  of  varying  flaaa 
taaparatura  and  coapoaition  on  aoot  production  in  ataoapharic 
pressure,  laainar  praaixad  flaaaa.  Tha  aoot  thraahold  aquivalanca 
ratios  ware  found  to  vary  with  changes  in  tha  02/<N2  *  02>  ratios, 
and  therefore  with  changea  in  the  calculated  adiabatic  flaaa  tea- 
paraturaa.  However,  it  was  found  that  tha  aaaaurad  flaaa  taapara¬ 
tura  at  tha  aoot  thraahold  waa  not  a  function  of  tha  02/<N2  ♦  02> 
ratio  or  fuel/02  ratio.  Tha  aoot  voluaa  fractions  depended  strongly 
on  tha  02/<N2  ♦  02>  ratio  because  of  tha  shift  in  tha  thraahold 
aquivalanca  ratio,  but  tha  variation  in  soot  voluaa  fraction  with 
aaaaurad  taaparatura  waa  apparently  independent  of  tha  O2/CN2  ♦  02> 
ratio.  Tha  aoot  yield  was  found  to  bo  dapandant  on  tha  taaparatura 
in  tha  sooting  region  of  the  flaaa,  regardless  of  how  that  taapara¬ 
tura  waa  achieved. 


c.  SPOT  XJJLL&S 

Thera  does  not  appear  to  be  any  significant  coaparativa  study 
of  aoot  yialda  in  diffusion  flaaaa.  Tha  data  on  aoot  yields  in 
praaixad  flaaaa  are  also  ainiaal,  but  aoaa  inforaation  is  avail¬ 
able.  Several  vary  detailed  studies  in  which  tha  flaaa  taapara¬ 
tura  and  aoot  particle  size  and  nuaber  density  were  aaaaurad  have 
bean  parforaad  on  one  or  two  pure  hydrocarbons.  This  type  of  data 
is  not  sufficient  to  sake  conclusions  about  tha  affects  of  hydro¬ 
carbon  structure  on  aoot  yields.  Probably  tha  aost  coaaonly 
referenced  study  is  that  of  Macfarlana  at  al.14  who  aaaaurad  tha 
total  aaount  of  aoot  producad  in  praaixad  flaaaa  of  six  coapounds 
as  functions  of  aquivalanca  ratio  and  pressure.  Tha  only  aroaatic 
hydrocarbon  atudiad,  benzene,  showed  an  unusually  aaall  aaount  of 
aoot  produced  relative  to  tha  three  alkanes  atudiad. 


Racantly  Olaon  at  #1.13  aaaaurad  preaixed  flaae  aoot  yialda 
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MDtd  apparatus**.  In  diffusion  flaaee,  TSIa  ara  dafinad  in 
terns  of  aaxiaun  aaoke-free  flaaa  height,  h,  (aiailar  to  tha  ASTM 
aaoka  point)  according  to  tha  aquation:  TSIqf  *  a' (HW/h)  ♦  b', 
where  MW  ia  tha  fual  aolacular  weight,  and  a'  and  b'  ara  again 
scaling  constants  characteristic  of  tha  apparatus. 

Olson  and  coworkers2'3*S  expanded  tha  TSI  data  set  with  nea- 
•uraaanta  on  56  hydrocarbons  in  praaixad  f lanes  and  42  fuals  in 
diffusion  flanaa.  Flans  tenperaturea,  soot  concentrations,  and 
average  particle  size  and  nunber  density  were  also  neasured. 

Fornulaa  for  calculating  soot  thresholds  (TSIa)  of  hydrocar¬ 
bon  nixturea  in  both  praaixad  flanaa  and  diffusion  flanaa  were 
obtained  by  Gill  and  Olson. 6  For  prenixed  flanaa  tha  nixtura 
rule  ia 


(1.1) 


TSI,iX 


£  Xi  (1.1) 

i 


TSIi 


and  for  diffusion  flanaa 


TSInix 


£  Xi  TSIi 
i 


where  TSIm±x  is  the  calculated  value  for  the  nixtura  and  Xi  and 
TSIi  are  the  nole  fraction  and  TSI  values  for  the  individual  hy¬ 
drocarbon  conponenta. 


Several  nethoda  of  altering  flane  tenperaturea  have  bean  used 
to  study  taaparatura  affects  on  soot  fornation.  The  teaperature 
of  a  flane  can  be  increased  by  preheating  the  unburned  gases,  or  by 
decreasing  the  diluent  concentration,  i.e.,  by  reducing  tha  M2 
fraction  in  a  fuel/C>2/W2  flane.  Other  factors,  such  aa  changes 
in  the  fuel/air  ratio  or  the  substitution  of  one  fuel  for  another, 
also  alter  the  flane  tenperature.  Typically,  the  flane  teapera- 
turaa  of  aronatic  hydrocarbons  at  soot  threshold  ara  several  hun¬ 
dred  Kelvin  higher  than  for  paraffins.  Because  all  these  paraneteri 
affect  flane  tenperaturea  aa  well  aa  soot  fornation,  there  ia  con¬ 
fusion  over  the  relative  inportance  of  flane  tenperature  and  fuel 
aolecular  structure  upon  soot  thresholds  and  soot  yields. 


Sevaral  previous  studies  have  been  directed  at  deternining  the 
effects  of  changing  flane  tenperaturea  on  soot  fornation  in  prenixed 
flanes.  Street  and  Thonaa,?  for  exanple,  found  that  the  soot 
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II.  BACKGROUND 


Two  types  of  laboratory  aoot  thraahold  aaaauraaanta  ara 
ganarally  aaployad  to  rank  tha  sooting  tandanciaa  of  pura  hydro¬ 
carbon  fuala:  praaixad  flama  aoot  thraahold  aquivalanca  ratioa  and 
dlffuaion  flaaa  aaoka  point  flaaa  haighta. 

In  praaixad  flaaaa  tha  ainiaua  fual/air  ratio  (or  C/0  ratio) 
at  which  yallow  (aoot)  aaiaaion  ia  obaarvad  haa  baan  uaad  to  rank 
fuala  aa  to  thair  aooting  tandanciaa.  Ganarally  thaaa  data  ahow  an 
incraaaing  tandancy  to  aoot  with  incraaalng  carbon  number,  and  a 
ralativa  ranking  of  hydrocarbona  in  tha  aaquanca^ 

alkynaa  <  alkanaa  i  n-alkanaa  <  aroaatica. 

Tha  ona  naphthalana-typa  compound  atudiad  axhibita  tha  highaat 
aooting  tandancy.  Tha  corralation  of  aooting  tandancy  with  hydrogan 
contant  waa  ahown  to  ba  poor,  although  if  conaidaration  waa  ra- 
•trictad  to  only  alkanaa  and  aroaatic  hydrocarbona,  a  fairly  good 
invaraa  corralation  waa  obtained. 

Data  on  tha  aooting  tandanciaa  in  diffuaion  flaaaa  of  103 
coapounda  hava  baan  aaaaurad  or  axtractad  froa  tha  literature  by 
01 son  at  al.3  A  different  and  aora  diatinct  ralativa  ranking  of 
hydrocarbon  claaaaa  waa  obtained  froa  that  of  praaixad  flaaaa. 

That  ia,  tha  ranking  waa: 

alkanaa  £  alkanaa  <  alkynaa  <  alkylbenzenea  <  naphthalanaa. 

Again  tha  corralation  of  aooting  tandancy  with  hydrogan  contant  waa 
poor. 

To  quantify  thaaa  typea  of  general  rankinga  of  aooting  tan¬ 
danciaa  into  a  aora  uaaful  ranking,  Calcota  and  Nanoa*  reviewed 
tha  literature  raaulta  on  thraahold  aooting  aaaauraaanta  in  both 
praaixad  and  diffuaion  flaaaa  and  defined  a  numerical  index,  called 
tha  thraahold  aoot  index,  TSI,  which  can  ba  uaad  to  compare  and 
analyze  aooting  flaaa  data.  In  praaixad  flaaaa,  TSIa  ara  defined 
in  taraa  of  tha  ainiaua  f ual/oxidizar  aquivalanca  ratio*  at  which 
aoot  ia  firat  obaarvad,  0C*  according  to  tha  aquation:  TSIpf  ■ 
a  -  b  0C,  where  tha  conatanta  a  and  b  scale  tha  index  froa  0  to  100 
and  account  for  ayataaatic  variations  in  data  froa  various  experi- 

*Equi valance  ratioa  ara  defined  ralativa  to  stoichiometric 
coabuation  to  CO2  and  H2O,  i.e.,  0  ■  (fuel /oxygen  m.1 

(fuel /oxygen) stoichiometric 


prfog— d  tlatwhar*.  The  coabinad  data  froa  flaaa  and  fual 
characterization  atudiaa  wart  than  applied  to  analyza  tha  fual 
parforaanca  In  tha  eoabuator  taata.  Finally,  tha  af facta  of 
variationa  In  tha  oparating  conditiona  of  tha  eoabuator  taata  w 
exaained,  ainca  thaaa  variation**  alao  affact  tha  aaoke-related 
aaaauraaanta  and  produca  diffaraneaa  in  tha  data  which  ara  not 
ralatad  to  tha  fual  coapoaition. 


To  inaura  continuad  futura  availability  of  aircraft  jat  fual 
at  accaptabla  coat a,  it  nay  ba  nacaaaary  to  modify  currant  military 
apacif icationa  which  could  lowar  tha  quality  of  auch  fuala.  In 
particular ,  with  tha  uaa  of  haavy  patrolaum  crudaa,  upgradad  raaid- 
ual  fractional  and  ahala  or  coal  darivad  liquid  fuala,  tha  middla 
diatillataa  will  contain  highar  fractiona  of  aromatic  hydrocarbona , 
which  will  ahift  othar  fual  paraaatara  from  thair  currant  rangaa. 
Thaaa  conaidarationa  hava  promptad  tha  US  Navy,  NASA,  and  tha  US 
Air  Forca  to  invaatigata  tha  affacta  of  ralaxing  tha  fual  opacifi¬ 
cation  for  aircraft  ayatama.  A  primary  goal  of  thaaa  afforta  haa 
baan  to  invaatigata  tha  ralationahip  batwaan  gaa  turbina  angina 
parformanca  and  fual  compoaition  and  propartiaa. 

Incraaaad  aromatic  hydrocarbon  contant  ia  ona  of  tha  fual 
compoaition  changaa  anticipatad.  A  major  impact  of  auch  incraaaad 
aromatic  contant  ia  incraaaad  aoot  production  in  tha  angina  com- 
buator,  raaulting  in  highar  axhauat  amoka  amiaaiona,  accalara- 
tad  turbina  aroaion,  and  mora  important,  incraaaad  radiativa  haat 
tranafar  to  tha  combuator  walla.  Evan  at  modarata  aoot  concantra- 
tiona  in  tha  combuator,  tharmal  radiation  from  aoot  partfclaa 
dominataa  tha  total  haat  load  on  tha  combuator  linar.  Tha  ra¬ 
aulting  incraaaaa  in  linar  matal  tamparatura  graatly  raduca  tha 
combuator  aarvica  lifatimaa,  thua  incraaaing  tha  coata  bacauaa  of 
•arliar  raplacamanta.  Tha  incraaaad  amoka  production  alao  incraaa¬ 
aa  pluma  viaibility — highly  undaairabla  from  both  anvironmantal 
and  combat  miaaion  viawpointa. 

Tha  ultimata  objactiva  of  thia  program  waa  to  davalop  a 
laboratory  mathod  for  pradicting  tha  affacta  on  aoot  formation  in 
turbo jat  anginaa  cauaad  by  changaa  in  fual  compoaition.  Spacifi- 
cally,  tan  fuala  pravioualy  avaluatad  in  aavaral  angina  combuatora 
in  a  Naval  Air  Propulaion  Centar  (NAPC)  fual  affacta  program  warm 
atudiad  in  laboratory  flamaa,  and  thaaa  raaulta  and  othar  fual 
propartiaa  wara  corralatad  with  raaulta  of  tha  combuator  maaaura- 
manta.  Thaaa  fuala  rapraaant  a  fairly  narrow  ranga  of  chamical 
variation  (a.g.,  aromatic  contant  or  hydrogan  contant),  but  avan 
thia  ranga  of  variation  ia  aufficiant  to  graatly  raduca*-  tha 
calculatad  aarvica  lifatimaa  of  combuator  linara. 

Thia  program  waa  uniqua  in  aavaral  raapacta.  Firat,  tha 
laboratory  charactarization  of  tha  combuation  and  aooting  propar¬ 
tiaa  of  tha  NAPC  fuala  waa  axtanaiva.  Uniqua  procaduraa,  appara- 
tua,  and  fual  indicaa  wara  davalopad  to  quant itativaly  apacif y  tha 
aooting  propanaity  of  fual  blanda  in  tarma  of  both  aoot  thraaholda 
and  aoot  yialda,  and  in  both  pramixad  flamaa  and  diffuaion  flamaa. 
Sacond,  an  affort  waa  mada  to  corralata  tha  laboratory  flama  data 
with  fual  compoaition  analyaaa  of  aromatic  contant  and  atructura 
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reflection*  using  Mirror*.  Th*  pathlength  per  pa**  wa*  ca.  2.55 

c*. 


Th*  attenuation  wa*  Measured  using  a  lock-in  detaction 
echea*.  The  laser  baaa  was  chopped  at  140  Hz  and,  after  passing 
through  the  f laae,  iapinged  on  an  optical  scatter  plate.  The 
diffuse  light  was  then  detected  with  a  large  surface  area  photo¬ 
diode.  The  photodiode  signal  was  integrated  for  ca.  3-10  Minutes 
to  provide  further  signal  to  noise  iaproveaent. 

The  soot  voIum*  fraction  aeasuresents  were  Made  at  a  height 
of  2.00  *  0.05  cm  above  the  burner  surface  where  the  fv  is  relative¬ 
ly  constant  with  height  above  th*  burner.  These  data  for  NAPC  1- 
10,  and  AeroChea-A  are  presented  in  Figs.  5-10. 

5.  Premixed  Flaae  Temperature  Measurements 

Presixed  flaae  tesperature  aeasuresents  were  deterained  by 
two  Methods.  For  nonaooting  flaaea,  the  flaae  t*Mperaturea  were 
Measured  using  coated  theraocouples.  Because  soot  builds  up  on 
theraocouple  wires,  they  cannot  be  used  in  sooting  flaae*.  There¬ 
fore,  in  sooting  flaaea,  flaae  teaperatures  were  deterained  by 
aultiwavelength  eaieaion  pyroaetry. 

a.  Theraocouple  Heasureaents  --  The  Pt-Pt/10*  Rh  therao¬ 
couples  TC,  (S-type)  were  fabricated  froa  0.005  or  0.013  ca  diaa 
wire.  The  bead,  foraed  at  the  junction  of  the  dissiailar  wires, 
was  always  less  than  1.5  tiaea  the  wire  diaaeter.  Before  asking 
flaae  aeasureaenta,  the  TC  junction  was  coated  with  Be0-Y203  by 
repeatedly  dipping  the  junction  in  an  acid  solution  of  BeO/YCl3 
<71/93*,  by  weight)  and  then  firing  the  wetted  junction  in  a  Bunsen 
burner  flaae.  This  thin  coating  <<0.001  ca)  was  eaployed  to  prevent 
catalytic  h*ating29  of  th*  TC.  Th*  TC  flaae  teaperatures  were 
Measured  with  a  calibrated  Oaega  Engineering  Inc.,  Model  199  digital 
readout  <1  K  readability,  t  2.3  K  accuracy).  Typically,  the  flaae 
tesperature  was  Measured  at  2.0  ca  above  the  burner  surface. 

The  recorded  TC  tesperature  is  not  th*  true  flaae  teapera- 
ture.  The  procedure  eaployed  for  correcting  the  Measured  teapera- 
tures  followed  that  described  by  Kaskan,30  which  relates  the 
Measured  TC  tesperature  to  the  true  flaae  gas  tesperature  and 
requires  values  for  the  theraal  conductivity  and  viscosity  of  th* 
flaae  gases  and  th*  eaissivity  of  th*  TC  junction.  Th*  theraal 
conductivity  and  viscosity  of  the  flame  gases  were  obtained  by 
calculating  the  equilibriua  gas  aol*  fractions  for  a  decalin/air 
flaae  and  then  calculating  the  properties  of  the  Mixture  using 
Waseili jewa'a  rule  for  th*  thermal  conductivity  and  Wilke's  rule 
for  th*  viscosity. 31  Th*  eaissivity  of  platinua  is  well  known, 32 
(ca.  0.17)  at  the  flaae  temperatures  typically  encountered  in  our 
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experiments.  Emissivity  data  ara  not  available  for  the  platinua/ 
rhodium  alloya,  ao  we  aaaumed  they  were  the  aaae  aa  platinua. 

Typically,  the  corrected  gaa  temperaturea  were  ca.  50-150 
K  higher  than  the  Measured  temperaturea.  Smaller  corrections  are 
found  for  thinner  thermocouple  wirea  and/or  lower  gaa  temperaturea. 
The  corrected  flame  gaa  temperaturea  at  2.0  cm  above  the  burner 
for  the  NAPC  fuela  and  AaroCham-A  are  given  in  Table  8. 

b.  Emission  Pvrometry  Measurement*  --  Since  the  aubmicron 
moot  particles  within  a  sooting  flame  are  in  good  thermal  contact 
with  the  flame  gases,  they  can  be  aaaumed  to  be  at  the  gas  tempera¬ 
ture.  Thus  their  incandescent  light  emission  can  be  used  to  mea- 
sure33  the  flame  gas  temperature.  An  apparatus  similar  to  that 
described  by  Cashdollar3^  was  used  to  measure  light  intensity 
ratios  for  pairs  of  three  selected  wavelengths  in  the  near  IR 
spectral  region  (0. 8-1.0  pm).  This  apparatus  is  referred  to  as  a 
three-wavelength  emiaaion  pyrometer  (3XEP) .  The  detector  signals 
were  corrected  for  the  ref lection/abaorption  losses  from  optical 
elements,  differences  in  photodiode  sensitivities,  and  differences 
in  the  gain  of  the  individual  amplifiers  by  calibrating  daily 
against  a  tungaten  ribbon  lamp.  The  surface  temperature  of  the 
lamp  was  found  by  measuring  the  0.65  ym  brightness  temperature33 
of  the  ribbon,338  using  a  calibrated  disappearing  filament  optical 
pyrometer.  The  vertical  resolution  of  the  3XEP  was  0.18  cm. 


The  corrected  emission  intensity  ratios,  0.8  ym/l.O  ym  and 
0.9  ym/1.0  ym,  were  used  to  calculate  the  flame  temperatures.  The 
basic  equation  is  Planck's  thermal  emission  equation.35  For  a 
radiating  nonblackbody ,  auch  as  incandescent  soot  particles,  the 
equation  is: 

€X  2whc2 


PX  «  - 

X5  texp<hc/kTX>-  13 


In  this  equation,  PX  (W  m-3>  is  the  radiant  intensity  emitted  in  a 
unit  wavelength  region  around  X  (m)  for  a  greybody  at  temperature 
T  (K)  having  an  emissivity  of  €X,  c  is  the  speed  of  light,  h  is 
Planck's  constant,  and  k  ia  Boltzmann's  constant.  This  equation 
can  be  used  to  calculate  the  theoretical  intensity  ratios  (e.g., 

0.8  ym  intensity/1.0  ym  intensity)  for  a  greybody  at  a  temperature 
T  (K),  if  the  emissivity  of  the  particles  is  known. 

The  amissivity  of  soot  particles338  is  generally  aaaumed 
to  follow  an  inverse  power  law  -  €X  =  A/ An.  For  ratios  of  inten¬ 
sities,  the  A  term  cancels.  The  dependence  on  wavelength,  n,  is 
often  observed  to  be  in  the  range  0.7  to  1.4.  However,  in  practice 
the  particle  temperatures  derived  from  Planck's  law  are  very  insen¬ 
sitive  to  the  value  of  this  exponent.  For  example,  when  the  value 
of  n  was  varied  from  0.5  to  1.5,  only  a  20  K  change  resulted  in 
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tha  darivad  tnptraturt  at  about  1900  K.  Tharafora  n*l  waa  aalactad 
to  procaaa  all  lntanaity  ratio  data.  Whan  thia  was  dona,  tha  0.8 
pa/l.O  h*  *nd  tha  0.9  pa/1.0  pa  axpariaantal  lntanaity  ratios 
providad  two  indapandant  aatiaataa  of  tha  flaaa  taaparatura.  Tha 
two  taaparaturaa  wara  usually  within  50  K  of  aach  othar.  Tha 
aaission  pyroaatar  taaparaturaa  listad  in  Tabla  8  ara  tha  avaraga 
of  tha  two  aaaauraaanta  and  hava  an  aatiaatad  uncartainty  of  t  30 
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V.  RESULTS  AND  DISCUSSION 

In  this  •action  the  results  o£  the  laboratory  Measurements  on 
the  NAPC  test  fuels  will  be  discussed,  the  mixture  rule  evaluations 
will  be  explained,  and  the  correlation  analysis  between  fuel  sooting 
tendencies  and  the  smoke-related  test  results  on  the  TF30,  T56,and 
the  TS3  combustors  will  be  discussed. 


A.  LABORATORY  TEST  RESULTS 
!•  Physical  Properties 

a.  Fuel  Densities  --  The  densities  of  the  NAPC  test  fuels 
and  their  blending  components  are  listed  in  Table  3.  These  data 
are  in  good  agreement  with  API  gravity  data  previously  reported  by 

NAPC. 36a 


b.  Fuel  Molecular  Weights  --  The  experimental  procedure 
for  measuring  fuel  molecular  weights  (MW)  has  been  described  in 
the  experimental  section.  The  observed  freezing  point  depression, 
Tf,  and  calculated  MW  for  each  fuel  are  listed  in  Table  3.  The 
accuracy  of  the  MW  values  for  jet  fuels  was  estimated  by  investi¬ 
gating  three  pure  hydrocarbons  and  AeroChem-A.  These  results  ars 
presented  in  Table  9.  The  average  uncertainty  in  these  MW  is  t  4 
g  mol“l. 

3*  Diffusion  Flame  Results 

a.  ASTM  Smoke  Points  --  The  ASTM  smoke  points  (SP>  hove 
been  measured  by  AeroChem,  NRL,  and  NAPC  for  NAPC  1-10.  In  several 
cases  there  is  disagreement  in  the  reported  SP  (see  Fig.  11  and 
Table  4) .  The  NRL  data  agree  better  with  the  AeroChem  data  (r2  * 
0.92,  a  points)  than  do  the  NAPC  data  (r2  ■  0.75,  10  points),  and 
both  the  NRL  and  NAPC  data  sets  show  a  systematic  shift  to  smaller 
SP  at  high  values  compared  with  the  AeroChem  SP  measurements.  The 
AeroChem  SP  data  were  used  in  the  correlation  study. 

b.  Diffusion  Flame  Threshold  Sooting  Index  -  TSIrff  -- 
The  TSIdf  values  for  the  NAPC  fuels,  listed  in  Table  4,  were  cal¬ 
culated  according  to  the  formula  given  in  Section  II. A  using  the 
mole  fraction  weighted  MW  and  the  AeroChem  measured  ASTM  SP  for 
each  fuel.  The  TSIdf  values  increase  with  increasing  total  aromatic 
content  (Fig. 12)  and  decreasing  fuel  hydrogen  content  (Fig. 13). 

These  trends  are  in  accord  with  the  laboratory  results  of  pure 
compound  TSIdf 's.3*4  However,  it  should  also  be  noted  that  several 
fuels  do  not  follow  the  trends  set  by  the  other  fuels.  For  example 
in  Fig.  12,  two  blending  components  (xylene  tower  bottoms  and  HCGO) 
and  NAPC-16  (JP-7)  appear  out  of  line  with  the  others  fuels.  In 
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Fig.  13,  60  Golden  and  xylene  towar  bottoms  ara  out  of  lina  with 
tha  ramaining  fuala. 

Thaaa  out  of  lina  caaaa  should  ba  givan  thair  propar 
parapactiva.  That  is,  thaaa  particular  f uala/blanding  coaponants 
will  probably  navar  ba  uaad  aa  3 at  fuala,  but  thay  do  aarva  a  rola 
in  tasting  jet  anginas  bacauaa  thay  ara  unusual.  In  tasting  thasa 
typas  of  fuals,  a  battar  undarstanding  of  why  particular  fual  prop- 
artiaa  (such  as  hydrogan  contant,  TSI  or  total  aromatics)  corralata 
tha  angina  tast  rasults  has  baan  ona  of  tha  major  goals  of  tha  pra- 
sant  work. 

c.  Soot  Production  Rataa  --  Tha  soot  production  ratas  of 
hydrocarbons  hava  not  baan  pravioualy  charactarizad  for  diffusion 
fiamas.  Tha  present  work  providas  tha  only  datailad  maasuramants 
on  a  sat  of  liquid  fuals.  Tha  maasuramant  consists  of  datarmining 
tha  total  mass  of  soot  which  aacapaa  from  tha  tip  of  a  diffusion 
flams.  As  an  axampla,  tha  mass  of  soot  producad  par  unit  tima 
(soot  production  rata,  SPR),  is  plottad  in  Fig.  14  against  tha 
fual  consumption  rata  (FCR)  for  a  diffusion  flams  of  NAPC-9.  This 
curva  is  typical  of  the  data  obtainad  for  tha  NAPC  fuals  and  savaral 
pura  hydrocarbons  (saa  Fig  IS).  Spacif ically,  tha  SPR  incraasas 

moat  rapidly  just  abova  soot  thrashold  and  than  incraasas  mors 
slowly  as  tha  FCR  incraasas  wall  beyond  soot  thrashold  (axcapt  for 
n-haptana) .  Thus  in  diffusion  fiamas  tha  conversion  of  additional 
fual  to  soot  is  most  efficient  near  soot  thrashold  and  bacomas 
lass  efficient  for  increasingly  smoky  fiamas  (probably  due  to  de¬ 
creased  flame  temperatures) . 

The  SPR  curves  were  characterized  using  three  parame¬ 
ters:  tha  fual  mass  consumption  rata  at  soot  thrashold  (FCR0>, 

tha  efficiency  of  fual  to  soot  conversion  (soot  production  effici¬ 
ency,  SPE  *  ASPR/AFCR  determined  using  linear  least  squares  anal¬ 
ysis  of  tha  data  in  the  100  to  300  pg  s“l  SPR  region),  and  tha 
difference  in  FCR  measured  at  soot  thrashold  and  at  a  SPR  of  200 
pg  a-1  (AFCR).  Thasa  three  parameters  are  illustrated  in  Fig.  14 
by  the  leftmost  arrow  on  the  FCR  axis  (FCR0>,  the  solid  lina  segment 
(SPF),  and  the  “distance**  between  the  two  FCR  axis  arrows  (AFCR). 

These  three  parameters  ware  measured  for  NAPC  1-10  and 
are  given  in  Table  4. 


TAe  premixad  flame  measurements  made  in  this  program  in¬ 
cluded  3oot  threshold  equivalence  ratios,  premixed  flame  thrashold 
sooting  indices,  soot  volume  fractions,  and  flame  temperatures. 
Host  of  tha  experiments  were  performed  using  both  temperature 
regulated  and  unregulated  burners. 
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a.  Soot  Thrfhold  Equivalence  Ratio.  0r-  --  The  soot  thresh 
old  equivalence  ratio  data  ara  shown  in  Tabla  7.  For  aight  of  tha 
tan  NAPC  fuela,  tha  ragulatad  burnar  0c'a  ara  largar  than  with  tha 
unragulatad  burnar.  Tha  ragulatad  burnar  taaparaturaa  wara  alwaya 
lowar  than  thoaa  of  tha  unragulatad  burnar,  burning  tha  same  fual, 
ao  that  tha  final  flaaa  taaparaturaa  on  tha  ragulatad  burnar  wara 
alwaya  alightly  lowar.  Thia  apparantly  dacraaaaa  tha  aooting  ten- 
danciaa,  raaulting  in  largar  valuaa  of  0C.  Tha  premixed  0c's  do 
not  follow  a  ayataaatic  trand  with  aithar  tha  hydrogan  or  total 
aromatic  contant  of  tha  NAPC  fuala  (1-10). 


two  aoot  thraahold  aquivalanca  ratio  aaaauraaanta,  on  ragulatad 
and  unragulatad  burnar a,  wara  uaad  to  calculata  tha  ragulatad  and 
unragulatad  TSIpf  aata  givan  in  Tabla  7.  Aa  diacuaaad  by  Calcota 
and  Henoa,4  thara  ara  larga  quantitative  diffarancaa  batwaan  tha 
aooting  tandanciaa  of  a  aat  of  fuala  burnad  in  a  diffuaion  flaaa 
(TSI<jf  valuaa)  and  tha  aooting  tandanciaa  of  tha  aaaa  fuala  whan 
burnad  aa  premixed  flaaaa  (TSIpf  valuaa). 

c.  Soot  Voluaa  Fractlona.  (f«)  --  Thara  waa  no  ayataaatic 
diffaranca  in  tha  aoot  voluaa  fractiona  aaaaurad  on  tha  taaparatura 
ragulatad  and  unragulatad  burnara,  aa  varifiad  by  aaaauring  tha 
aoot  voluaa  fractiona  of  AaroChaa-A.  Thia  ia  illustrated  in  Fig. 

5. 

Tha  fv  aaoaurad  for  tha  NAPC  fuala,  Figa.  6-10,  in- 
craaaad  for  aquivalanca  ratios  bayond  the  aoot  thraahold  and  gener- 
ally  tended  to  level  off  aa  tha  flaaaa  wara  aada  fual  richer. 
Therefore,  the  increase  in  fv  waa  usually  a  strongly  nonlinear 
function  of  the  equivalence  ratio  of  the  flaaa.  These  data  ware 
parametrized  by  measuring  the  equivalence  ratio  at  which  the  flaae 
reached  a  fv  *  2  x  10"?.  This  parameter,  0(fv),  would  be  expected 
to  follow  the  ordering  of  the  0c'a  for  the  NAPC  fuels,  if  in  pre- 
aixad  flaaaa  soot  yields  and  soot  threshold  data  correlate  in  the 
same  manner  as  in  diffuaion  flames.  When  thia  parameter  waa  plot¬ 
ted,  Fig.  16,  against  regulated  burner  0C  data  for  the  NAPC  fuels, 
a  fair  linear  correlation  waa  observed.  However,  0(fv)  plotted 
against  the  unregulated  burner  0C  data  showed  no  significant  vari¬ 
ation. 

d.  Premixed  Flame  Temperatures  --  The  premixed  flame 
temperatures  were  measured  at  the  same  position,  2.0  cm  above  the 
burner  aa  the  fy  were  measured.  As  described  in  the  experimental 
section,  thermocouple  temperatures  were  obtained  in  nonaooting 
flames,  whereas  three-wavelength  emission  pyrometer  temperatures 
were  determined  in  the  sooting  flames.  The  two  sets  of  data  were 
found  to  agree  to  about  *  50  K,  as  shown  in  Fig.  17  for  NAPC-4. 

The  results  of  linear  least  squares  analysis  of  the  temperature 
measurements  for  each  fuel  are  presented  in  Table  10.  Here,  both 
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the  intercept  and  slop*,  as  wall  as  the  cotfficiant  of  determina- 
tion  <r2>  for  aach  analysis  ara  prasantad.  Tha  linaar  laast  squaras 
fits  wars  usad  to  calculata  tha  flasa  taaparaturas  at  0C  and  at 
•<fv>  <•••  Tabla  7) .  No  trand  batwaan  prasixad  f lama  tamparaturas 
and  aithar  fual  hydrogan  (Fig.  1B>  or  aromatic  contant  can  ba 
saan.  However,  nota  that  tha  taaparaturas  at  fv  *  2  x  10~7  ara 
significantly  lowar  (by  i  100  K)  than  at  soot  thrashold. 


B.  MIXTURE  RULES 

At  tha  start  of  this  program,  it  was  proposad  that  datailad 
chamical  analysaa  (auch  as  GC/MS  idantif ication  of  all  componants 
prasant  in  significant  quantiti as)  of  tha  tan  NAPC  jet  fuals  ba 
parforaad  by  tha  Navy.  Thia,  howavar,  was  datarminad  to  ba  too 
costly.  Tha  basis  for  this  proposal  was  that  a  larga  numbar  of 
pura  hydrocarbons  hava  baan  quantitativaly  charactarizad  in  labor¬ 
atory  tasts  which  rank  thair  aooting  tandancias,  and  that  mixtura 
rulaa  for  calculating  tha  propartias  of  blands  from  tha  propartias 
of  tha  pura  components  hava  been  developed.  Thus  it  was  suggested 
that  measuring  the  composition  of  tha  test  fuels  would  allow  thair 
sooting  tendencies  to  be  calculated.  Possibly  this  can  ba  dona  in 
future  work. 

Tha  soot  thrashold  mixtura  rules  for  premixed  and  diffusion 
flames  ware  developed  at  AeroCham  in  an  earlier  Air  Force  funded 
program  and  tha  results  of  this  work  published. 6  An  analysis  of 
tha  mixtura  rule  for  premixed  flames  was  performed  by  Madronich 
during  this  program  and  it  has  also  bean  published. 37 

1-  Diffusion  Flame  Mixture  Rulaa 

Thera  ara  two  mixtura  rules  for  diffusion  flames.  Tha 
soot  thrashold,  or  TSI  mixtura  rule,  can  ba  usad  to  estimate  tha 
aoot  thrashold  of  a  bland  based  on  its  composition  and  tha  soot 
thresholds  of  tha  componants.  The  soot  yxeld  mixture  rule  is 
similar  and  can  be  used  to  calculate  the  soot  yield  of  a  bland. 

a.  Soot  Thrashold  Mixtura  Rule  --  The  soot  thrashold 
mixture  rule  was  evaluated  by  estimating  the  TSIs  for  AeroChem-A 
and  several  of  tha  NAPC  fuels.  The  calculation  for  AaroCham-A  is 
presented  in  Table  11  (using  data  from  Table  2  and  Ref.  3). 

The  calculated  mixture  rule  TSI^f  value  can  ba  compared 
with  the  measured  value  given  in  Table  2,  which  shows  that  tha 
mixtura  rule  TSI  for  AeroChem-A  is  about  2.5  TSI  units  higher  than 
observed.  Employing  tha  ASTM  lamp  TSI  calibration  formula  given 
in  tha  experimental  section,  the  mixture  rule  TSI  can  also  be 
usad  to  calculata  the  ASTM  smoke  point,  which  gives  a  value  of 
21.0.  Tha  obaarvad  ASTM  amoka  point  is  23.5,  a  difference  of  2.5 
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units.  The  stated  interlaboratory  accuracy  of  the  ASTM  smoke 
point  method  is  3  smoke  point  units  (see  Ref.  21),  so  the  mixture 
rule  predicts  the  ASTM  smoke  point  within  this  tolerance.  In 
previous  work,^  better  agreement  between  observed  and  mixture  rule 
calculated  TSI  values  was  routinely  obtained.  The  difficulty  in 
calculating  an  accurate  TSI  for  AeroChem-A  probably  lies  in  the 
value  used  for  the  TSI<jf  of  toluene.  The  Ref.  3  suggested  value 
is  44,  although  the  measured  value  in  that  work  was  38.  Using  the 
ASTM  apparatus,  TSI^f's  for  toluene  were  measured  in  the  range  35- 
39.  If  TSI  *  36  (instead  of  44)  is  used  for  toluene  in  the  Aero- 
Chem-A  calculation,  the  calculated  result  is  SP  *  22.1,  still 
slightly  smaller  than  the  measured  value  (23.5). 

Six  of  the  NAPC  1-10  group  of  test  fuels  and  NAPC-19  and 
20  were  blended  from  other  components  (e.g.,  kerosene,  DFM,  or 
XTB)  .  The  TSI^f  mixture  rule  was  used  to  calculate  the  TSIs  of 
these  eight  fuels  from  the  measured  TSIs  of  their  blending  compo¬ 
nents.  Table  12  gives  the  reported  volumetric  composition  of  NAPC 
1-4,  7,  8,  19,  and  20,  as  well  as  weight  and  mole  fractional  com¬ 
positions  derived  using  the  measured  densities  and  average  molecular 
weights.  Several  of  these  fuels  contain  blend  stocks  which  were 
not  available  to  this  program,  so  their  exact  properties  were  not 
known.  Thus  the  furnace  oil  (139-81)  used  in  NAPC-2  end  3,  the 
HCGO  (148-81)  used  in  NAPC-7,  and  the  DFM  (118-81)  used  in  NAPC-8 
were  estimated  to  be  similar  to  other  blending  components  which 
were  tested  experimentally.  The  TSIs  calculated  using  mole  weight¬ 
ing  are  also  shown  in  Table  12.  The  calculated  TSIs  compare  favor¬ 
ably  with  the  measured  values,  with  the  largest  differences  for 
MAPC-19  and  20  (about  7  and  4  TSI  units,  respectively) .  This 
agreement  shows  that  the  mixture  rule  can  be  applied  to  calculating 
the  TSIs  and  thus  the  smoke  points  of  blends. 

Another  approach  evaluated  for  calculating  the  TSIs  of 
fuels  was  to  use  analytical  information  from  NMR  exper iments^®  on 
these  fuels.  Additional  detailed  data  were  available  from  this 
analytical  work,  but  only  the  composition  and  average  molecular 
weight  information  was  used  on  three  classes  of  the  fuels:  (1) 
paraffins,  (2)  monocyclic  aromatic  hydrocarbons,  and  (3)  polycyclic 
aromatic  hydrocarbons.  Estimated  TSIs  for  the  fractions  in  the 
three  different  classes  for  NAPC  1-9,  16,  kerosene,  XTB,  F0,  40G, 
and  GOG  are  plotted  in  Fig.  19  against  the  measured  molecular 
weights  from  the  NMR  analysis. 3®  A  regression  analysis  of  calcu¬ 
lated  TSIs,  obtained  from  the  equation  TSI (calc)  *  X*  (2.7  ♦  0.083 
HWi)  ♦  X2  (50.9)  ♦  X3  (103),  where  Xj.,  X2r  and  X3  are  the  mole 
fractions  of  the  three  component  classes  and  MWj.  is  the  molecular 
weight  of  the  paraffin  class,  against  the  observed  TSIs  (Fig.  20) 
was  performed.  The  results  are  good  for  NAPC  1-9,  16,  XTB,  kero¬ 
sene,  and  F0,  but  the  calculated  TSIs  are  low  for  40G  and  60G.  It 
is  clearly  an  oversimplification  to  use  a  constant  TSI  for  the 
various  monocyclic  and  polycyclic  aromatic  fractions  of  these 
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fuels  where  the  molecular  weight  of  theme  fractions  varies  over 
such  a  large  range,  e.g.,  119  to  250  g  mol-*  for  the  monocyclic 
aromatics. 

Two  additional  calculations  were  performed  where  the 
estimated  TSIs  of  the  monocyclic  and  polycyclic  aromatics  were 
varied  with  molecular  weight.  In  these  fits,  the  discrepancy  for 
40G  and  60G  was  eliminated  although  the  accuracy  for  the  subset  of 
NAPC  1-9  was  slightly  degraded. 

b.  Soot  Yield  Mixture  Role  in  Diffusion  Flames  --  Diffusion 
flame  soot  yield  data  obtained  in  this  work  on  pure  hydrocarbons 
are  plotted  in  Fig.  15  and  tabulated  in  Table  5.  Only  those  hydro¬ 
carbons  which  are  components  of  AeroChem-A  were  tested.  The  data 
were  least  squares  fit  to  parabolic  equations  of  the  form:  SPR  * 
a  ♦  b  (FCR)  ♦  c  <FCR>2  or  SPR  *  a'  ♦  b'  <AFCR>  ♦  c'<AFCR>2.  The 
fitting  parameters  <a,b,c)  and  <a',b',c'>  are  collected  in  Table 
13.  The  quantity  AFCR  is  the  difference  between  the  measured  fuel 
mess  consumption  rate,  FCR,  and  the  mass  consumption  rate  at  soot 
threshold  for  the  fuel  <FCR0) . 

To  develop  a  mixture  rule,  two  binary  mixtures  of 
toluene/ isooctsne  were  prepared  and  their  SPR  curves  measured. 

The  binary  mixture  measurements  are  compared  in  Fig.  21  with  the 
values  calculated  from  the  SPR  mixture  rule.  This  rule,  empirically 
determined,  is: 

SPR»lx<AFCR»lx>  «  £  Xi  SPRi<AFCRi>. 

i 

In  this  equation,  Xi  is  the  mole  fraction  of  component  i, 

SPRj.<AFCRjL>  *  soot  production  rate  for  fuel  component  i  from  the 
AFCRi  fitting  equations,  and  SPR*ix<  FCRalx*  is  the  calculated  SPR 
for  the  binary  mixture.  For  these  calculations,  the  mixture  rule 
gives  a  SPR  for  each  AFCR«ix  value.  The  AFCRaix  values  are 
converted  to  FCRj*iX  values  by  adding  the  experimentally  observed 
FCR0  For  the  mixture  (from  Table  13).*"  As  can  be  seen  in  Fig. 

21,  the  SPR  mixture  rule  fits  the  mixture  data  well  at  low  fuel 
consumption  rates  and  somewhat  underpredicts  SPRs  at  higher  FCRs. 

To  test  the  accuracy  of  the  mixture  rule  with  a  more 
complex  fuel  mixture,  SPRs  were  calculated  for  the  AeroChem-A  fuel 
mixture.  The  results  are  presented  in  Fig.  22.  The  fit  is  good 
at  low  SPR  but  is  again  poorer  at  high  SPRs. 


**  The  FCRo  values  for  the  mixtures  can  be  calculated  using  the 
soot  threshold  mixture  rule;  they  were  found  to  be  in  agreement 
with  the  experimental  values. 
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In  tuMary,  the  SPR  Mixture  rula,  evaluated  with  a  limited 
aet  of  experimental  data,  appeare  reliable  for  predicting  SPRa  for 
simple  mixtures,  but  it  is  not  as  satisfactory  for  complex  fuel 
blends,  especially  at  high  SPRs. 

2.  Premixed  Flame  Mixture  Rules 

The  premixed  flame  mixture  rule  for  calculating  the  soot 
threshold  of  fuel  blends  was  developed^  in  an  earlier  program. 
Mixture  rules  for  calculating  soot  yields  of  blends  were  developed 
under  this  work. 

••  Safifc-Ihwheld  Mixture  Rule  m  Premixed  Flames  — 

The  premixed  flame  mixture  rule  has  been  found^  to  reproduce  exper¬ 
imental  date  on  binary  and  ternary  mixtures  to  within  *  4  TSI 
units.  When  this  rule  was  applied  to  AeroChem-A  (see  Table  11 ), 
the  result  was  TSI  ■  S2.5  compared  with  the  measured  TSI  of  70  for 
the  unregulated  burner  (with  which  the  mixture  rule  was  developed). 
The  breakdown  of  the  calculation  is  most  likely  due  to  inaccurate 
TSI  values  for  the  hydrocarbon  components  which  comprise  AeroChem- 
A.  The  dominant  terms  in  the  mixture  rule  summation  are  for  tet- 
ralin  and  toluene.  Next  in  importance  are  the  terms  associated 
with  1-methylnaphthalene  and  decalin. 

The  compounds  which  have  the  largest  uncertainty  in 
their  reported2  TSIs  are  toluene  and  1-methylnaphthalene.  The 
reported  TSIs  for  toluene  cover  the  range  74  to  93  and  for  1 -methyl - 
naphthalene,  86  to  HO.  If  the  mixture  rule  and  the  smallest 
reported  TSI  values  for  each  and  every  fuel  component  were  used, 
the  calculated  TSI  for  AeroChem-A  would  be  estimated  as  75,  still 
larger  than  measured. 

An  improved  mixture  rule  was  proposed  by  Madronich^7  and 
extended  in  this  program  by  Olson  and  Madronich.*3  More  effort  is 
needed  to  improve  this  work  (which  slso  includes  soot  yield  calcu¬ 
lations),  but  a  preliminary  calculation  for  AeroChem-A  using  un¬ 
published  data  from  this  laboratorylS  on  the  component  hydrocarbons 
yields  e  calculeted  TSI  *  73.  This  result  is  within  the  experimen¬ 
tal  uncertainty  of  the  measured  value  of  70  (unregulated  burner) . 

b-  Soot  Yield  Mixture  Rule  in  Premixed  Flames  - -  A  soot 
yiald  mixture  rule  for  premixed  flames  was  also  proposed  in  this 
progrsm.  The  basic  rule  is 

*v»mix  <®mix*  ■  £  Xi  fOy'i  <®mix> 

i 

where  the  fuel/alr  equivalence  ratios  of  the  components  are  taken 
as  equal  to  that  of  the  entire  mixture  (8»ix) •  Thus,  this  formula 
proposes  that  each  component  contributes  soot  independent  of  the 
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other  components,  except  for  the  competition  for  the  available 
oxidizer.  Using  previous  work  from  this  laboratory  on  pure  hydro¬ 
carbons,  the  individual  fy»i  may  be  evaluated  from  the  relationship 

fv,j.<0>  *  f°v»i  exp(flj.  (0  -  0c,i>> 

yielding  a  proposed  mixture  rule 

^v»mix<®mix)  =  £  Xi  f°v»i  exptfi^  (0mix  “  0c»i>> 

i 

This  mixture  rule,  evaluated  at  soot  threshold,  reduces  to  the 
improved  TSI  mixture  rule  discussed  above.  However,  when  soot 
volume  fractions  at  0  >  0c  ore  calculated  for  AeroChem-A,  they 
are  much  larger  than  experimentally  observed,  as  shown  by  the 
dashed  line  in  Fig.  5.  A  general  hypothesis  for  this  failure  of 
the  mixing  rule  can  be  obtained  by  comparing  the  flame  temperatures 
of  AeroChem-A  and  those  of  the  components.  At  the  observed  soot 
threshold  <0C  %  1.7),  the  AeroChem-A  flame  temperature  is  about 
1720  K,  whereas  that  of  pure  n-tetradecane  would  be  about  1630  K 
and  that  of  tetralin  would  be  1605  K.  Thus  soot  volume  fractions 
for  the  components  calculated  on  the  basis  of  the  normal  flame 
temperatures  would  not  be  expected  to  correspond  to  data  from 
flames  with  quite  different  temperatures. 

The  analysis  of  temperature  effects  on  soot  thresholds 
and  soot  yields  performed  in  this  work  led  to  the  development  of 
a  further  refinement  in  the  soot  yield  mixture  rule  (and  corres¬ 
ponding  soot  threshold  mixture  rule) .  In  that  work  it  was  estab¬ 
lished  that  the  soot  volume  fraction  of  a  pure  hydrocarbon  could 
be  fitted  by  the  expression 

f v  <T>  «  fv<To>  exp  C0(1/T)  -  Cl/To>3 

where  To  is  the  flame  temperature  at  soot  threshold  and  6  is  the 
slope  of  a  plot  of  In  fy  vs.  1/T. 

Evaluation  of  this  soot  yield  mixture  rule, 

*v*mix<T»iX>  *  Z  Xi  fy»i  <To»i>  wxp  [0i(l/Twix>  -  <l/To»i>3 

i 

is  hindered  by  two  difficulties:  First  the  experimental  AeroChem-A 
flame  temperature  measurements  are  fairly  uncertain.  In  Table  10, 
an  unsatisfactory  r?  of  0.86  was  found  as  was  an  unusually  small  B 
of  -235  K/0  for  AeroChem-A.  It  would  be  anticipated  that  B  *  -450 
K/0  for  this  type  of  fuel  and  the  emission  pyrometer  temperatures, 
in  fact,  give  a  larger  slope  than  the  TC  temperatures.  Second, the 
®1  values  and  flame  temperatures  for  the  pure  hydrocarbons  (from  a 
previous  program^)  are  uncertain  and  scattered.  Nonetheless,  Fig. 
23  shows  the  experimental  fv  data  for  AeroChem-A  plotted  against 
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f  1m«  temperature  (estimated  using  B  *  -450  K/0)  .  The  data  are 
fit.  by  ths  aquation  (which  disregards  the  curvature)  : 

fy,iix  -  1.5  x  10-fl  exp  £38,800  (l/T)  -  <l/To>J 

where  To  *  1710  K.  Using  the  paraseters  listed  in  Table  14  for 
the  components  of  AeroChem-A,  the  mixture  rule  calculation  yields 
the  results  shown  in  Fig.  23  as  a  dashed  line,  and  described  by 
the  equation: 


*v»mix<calc>  «  2.3  x  10‘8  exp£36,300  (l/T)  -  (l/To)3 

The  agreement  between  the  observed  and  calculated  fv  values  is 
good,  but  it  should  be  noted  that  there  are  large  uncertainties 
in  the  temperatures  for  the  experimental  data  and  the  parameters 
for  the  pure  hydrocarbons  used  in  the  calculation.  The  results 
are,  however,  encouraging  and  indicate  that  our  analysis  of  soot 
yields  in  premixed  flames,  emphasizing  the  importance  of  the  flame 
temperature,  is  basically  correct. 


C.  CORRELATIONS  OF  COMBUSTOR  TEST  RESULTS 

The  objective  of  this  program  was  to  develop  laboratory  mea¬ 
surements  and  procedures  with  which  to  better  judge  the  influence 
of  various  fuels  on  smoke-related  engine  and  combustor  performance 
teats.  To  determine  which  fuel  properties  provide  the  most  reli¬ 
able  predictions,  correlations  were  made  between  several  laboratory 
measurements  on  the  structure-related  properties  of  the  test  fuels 
NAPC  1-10  with  the  results  of  combustor  tests.  This  section  dis¬ 
cusses  the  fuel  properties  used  in  the  correlations,  the  sources 
of  the  combustor  performance  teats,  functional  relations  between 
performance  tests  and  fuel  properties,  goodness-of -f it  criteria, 
and  the  interpretation  of  the  correlation  analysis  results. 

The  fuel  parameters  which  were  tested  for  correlations 
with  the  combustor  test  results  include  both  chemical  composition 
and  laboratory  flame  measurements.  The  chemical  properties,  measured 
at  NRL  and  NAPC,  included  the  hydrogen  content,  total  aromatic 
hydrocarbon  content,  and  monocyclic  and  polycyclic  aromatic  hydro¬ 
carbon  contents.  The  laboratory  scale  flame  measurements,  performed 
in  this  program,  included  premixed  flame  and  diffusion  flame  thresh¬ 
old  sooting  indices,  several  soot  yield  parameters,  premixed  flame 
soot  volume  fractions,  and  premixed  flame  temperatures. 

The  chemical  composition  analyses  of  total  aromatic  hydro¬ 
carbon  content  by  high  performance  liquid  chromatography  (HPLC) 
methods  were  performed  at  NRL.39"41  The  other  chemical  compositions 
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and  hydrogen  contents  of  the  fuels  were  determined  by  ASTM  analyses 
at  NAPC  and  the  results  have  been  incorporated  into  several  combus¬ 
tor  test  reports  (see  below),  but  have  not  been  published  separate¬ 
ly. 


In  addition  to  the  fuel  properties,  several  combustor  opera¬ 
ting  conditions  were  correlated  against  the  smoke-related  engine 
test  results.  These  operating  condition  parameters  include  the 
inlet  air  pressure  (Pin#  kPa),  inlet  air  temperature  <Tin,  K), 
total  fuel  to  total  air  ratio  (F/A,  g  fuel/kg  air),  fuel  carbon  to 
total  oxygen  ratio  (C/0,  mole  ratio),  and  the  metered  fuel/air 
equivalence  ratio  (0metered)  •  The  last  two  quantities  were  derived 
from  the  reported  F/A  ratios  and  the  fuel  hydrogen  content  (HX>, 
and  the  AeroChem  measured  average  molecular  weight. 

The  NAPC  fuels  tested  in  this  program  are  listed  in  Table 

1.  The  properties  of  the  fuels  are  reported  in  Tables  3,  4,  and 
7. 

2 .  Sources  of  Combustor  Test  Data 

The  smoke-related  engine  performance  data  from  tests  on  the 
TF30,  T56,  and  T53  combustors  included  the  Smoke  Number  (SN,  no 
units),  the  maximum  liner  temperature  rise  (LTR  .  K) ,  the  smoke 
emissions  (SE,  soot  mass  per  unit  volume  combustor  exhaust  gas,  mg 
m-^>,  and  radiation  flux  (RF,  kW  m-2).  These  measurements  were 
carried  out  for  NAPC  1-10  at  several  power  levels  in  the  following 
combustor  testing  programs:  T53  combustor  tests  reported  by 
Rutter, T56  combustor  testa  reported  by  Reider  et  al.,1  and  the 
TF30  combustor  tests  reported  by  Beal^2  and  Herrin. The  original 
data  have  been  converted  to  a  consistent  set  of  metric  units  in 
Tables  15  to  17. 

The  performance  tests  are  generally  independent  measure¬ 
ments.  However,  for  the  T56  combustor,  the  smoke  emissions  were 
calculated  from  the  measured  Smoke  Numbers.  A  discrepancy  in  the 
smoke  emission  data  for  NAPC-7  was  discovered  in  the  T5&  report, 
so  these  data  were  recalculated  using  the  reported  relationship 
and  Smoke  Numbers. 1  These  recalculated  values  are  shown  in  Table 
16. 


3.  Functional  Form  of  Correlations 

The  correlations  between  the  smoke-related  combustor  data 
and  the  fuel  or  operating  condition  parameters  were  of  the  linear 
form:  y  =  a  ♦  bx.  For  a  single  power  level  (idle,  cruise,  dash, 
etc.),  the  combustor  smoke-related  test  values  (y  =  Smoke  Number, 
smoke  emissions,  liner  temperature  rise,  or  radiation  flux)  measured 
for  the  fuel  set  were  correlated  to  either  the  fuel  parameters  (x 
=  hydrogen  content,  total  aromatics,  smoke  point,  TSI,  SPE,  etc.). 
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or  the  operating  conditiona  used  in  testing  each  individual  fuel 
<x  *  F/A,  C/0,  inlet  pressure,  inlet  temperature  or  ^metered) • 

The  latter  five  independent  variables  were  correlated  to  determine 
if  the  operating  conditiona  were  held  sufficiently  constant  during 
fuel  tests  at  a  single  power  level.  This  was  necessary  because 
the  combustor  data  are  quite  sensitive  to  changes  in  the  operating 
conditions.  Thus,  apparently  minor  variations  in  the  nominal 
combustor  operating  conditions  can  mask  the  effects  of  the  fuel 
variations. 

Only  linear  correlations  were  performed  because  the  data 
were  observed  to  be  either  roughly  linearly  related  to  a  fuel  or 
operating  condition  parameter,  or  data  looked  random. 

4 .  Regression  Criteria 

Several  goodnesa-of -f it  criteria  exist  for  least  squares 
analysis.  Commonly  employed  tests  are  the  correlation  coefficient 
<r),  the  square  of  the  correlation  coefficient  or  coefficient  of 
determination  (r2),  the  chi-square  test,  the  Fisher  or  F-test, 
and  "student's  t-teat."  A  complete  discussion  of  the  various 
goodness-of -f it  criteria,  including  the  coefficient  of  determina¬ 
tion,  can  be  found  in  Edwards^  or  Bevington.^5  For  linear  least 
square  analyses  (i.e.,  fits  of  the  form  y  =  a  ♦  bx),  the  coefficient 
of  determination,  r2,  is  a  reliable  criterion  for  judging  a  corre¬ 
lation  between  x  and  y  variables.  This  parameter  ranges  from  0  to 
♦1.  A  value  of  r2  =  0  indicates  no  correlation  between  y  and  x, 
and  r2  a  i  Indicates  a  perfect  correlation. 

However,  in  comparing  the  magnitude  of  r2  from  several  fits, 
the  number  of  data  points  (x,y  pairs)  being  correlated  must  also 
be  considered.  Tables  18  through  33  list  the  coefficients  of  deter¬ 
mination  for  the  linear  least  squares  analyses  of  the  fuel  and 
operating  parameters  against  the  combustor  test  results.  The 
95X  and  99X  confidence  level  r2  values  (95X  CL  r2  and  99*  CL  r2) 
are  given  at  the  bottom  of  each  column  in  the  tables.  The  meaning 
of  the  95X  CL  r2  value  (and  similarly  the  99X  CL  r2)  is  as  follows: 
If  a  set  of  random  variates  is  selected  (e.g.,  15  x  and  15  y  values 
drawn  independently)  a  linear  correlation  performed,  and  the  r2 
determined,  and  then  this  process  of  drawing  random  variates  and 
performing  correlations  repeated  many  more  times,  the  r2  values 
for  these  correlations  of  random  variates  will  fall  below  the  ”95x 
CL  r2"  in  95X  of  all  the  correlations.  Only  in  5X  of  the  correla¬ 
tions  of  these  random  data  will  the  r2  be  above  the  "95X  CL  r2" 
value.  Note,  however,  that  the  95x  CL  r2  value  depends  on  the 
number  of  degrees  of  freedom  (DOF).  The  DOF  is  defined  as  the  num¬ 
ber  of  (x,y)  pairs  being  correlated  minus  the  number  of  fitting 
parameters  (2  for  linear  fits).  For  the  correlations  performed 
in  this  work,  DOF  =  number  of  fuels  correlated  at  the  power  level 
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TABLE  4  .  DIFFUSION  FLAME  PROPERTIES  OF  NAPC  FUELS 


NAPC 

no. 

Description 

Smoke 

Point 

TSIdf 

FCR0 

AFCRo 

SPE 

NRL 

NAPC 

AeroChem 

i 

SUNTECH-1 

18.6 

17 

17.0 

33.5 

0.52 

0.85 

0.204 

2 

S UNTECH- 2 

18.1 

18 

18.7 

32.1 

0.56 

0.86 

0.198 

3 

SUNTECH- 3 

20.0 

20 

20.8 

25.2 

0.63 

0.88 

0.202 

4 

SUNTECH-4 

20.8 

21 

22.2 

24.9 

0.67 

0.90 

0.190 

5 

Low  Aromatic  JP-5 

21.3 

21 

23.3 

22.9 

0.74 

0.87 

0.185 

6 

Fuel  Oil  n 

— 

17 

17.0 

35.4 

0.51 

0.85 

0.210 

7 

20/80  HCGO/NAPC-9 

15.0 

14 

13.0 

42.2 

0.40 

0.86 

0.223 

8 

50/50  DFM/NAPC-5 

17.5 

16 

18.6 

30. 1 

0.61 

0.85 

0.201 

9 

HiAromatic  JP-5 

18.4 

21 

18.6 

27.3 

0.63 

0.83 

0.194 

10 

Oil  Shale  JP-5 

— 

21 

20.6 

24.2 

0.75 

0.87 

0. 195 

16 

JP-7 

36.0 

14.3 

17 

DFM 

18.5 

33.7 

18 

Fuel  Oil  #2 

17.1 

36.4 

19 

SUNTECH-A 

10.4 

51.5 

20 

SUNTECH-B 

14.1 

38. 1 

22 

JP-5 

20.8 

24.5 

— 

SUNTECH  Kerosene 

19.7 

22.9 

21.9 

— 

SUNTECH  XTB 

10.3 

7.7 

49.4 

— 

SUNTECH  FO 

17.4 

23.2 

25.4 

— 

SUNTECH  40G 

15.3 

12.5 

49.8 

— 

SUNTECH  60G 

12.1 

10.7 

70.8 

— 

SUNTECH  Kerosene 

23.3 

21. 1 

— 

SUNTECH  //2  dist. 

19.7 

31.1 

_ 

SUNTECH  HCCO 

6. 6 

87.6 

51 
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TABLE  3.  NAPC  FUI  PR0PERTIE5 

Aromatic  content'  % 


NAPC 

no. 

Description 

Density 
(g  cm-3) 

H% 

T 

f 

MW  (g 
mol- 1 ) 

Total 

(vol.%) 

F1A  HPLC 

MCAH  PCAH 

(wt%) 

HPLC  HPLC 

1 

SUNTECH-1 

0.8293 

13.36 

1.11 

179 

32.1 

28.5 

27.5 

5.1 

2 

SUNTECH-2 

0.8338 

13.48 

1.06 

189 

25.0 

19.8 

18.6 

3.5 

3 

SUNTECH- 3 

0.8173 

13.66 

1.17 

167 

23.6 

22.8 

22.0 

4.0 

4 

SUNTECH-4 

0.8160 

13.82 

1.11 

176 

20.5 

18.6 

18.5 

2.0 

5 

Low  Aromatic 
JP-5 

0.8143 

13.79 

1.14 

171 

15.0 

15.9 

14.5 

3.0 

6 

Fuel  Oil  //2 

0.8379 

13.22 

1.06 

189 

18.6 

25.0 

11.2 

18.3 

7 

20/80  HCGO/ 
NAPC-9 

0.8435 

12.83 

1.  18 

171 

32.6 

26.4 

20.9 

9.7 

8 

50/50  DFM/ 
NAPC-5 

0.8280 

13.54 

1.12 

177 

21.0 

18.6 

14.4 

6.4 

9 

HiAromatic 

JP-5 

0.8203 

13.49 

1.22 

161 

22.7 

22.7 

24.6 

1.5 

10 

Oil  Shale 
JP-5 

0.8047 

13.70 

1.21 

159 

24.0 

21.8 

22.5 

1.1 

16 

JP-7 

0.7980 

14.5 

1.12 

171 

2.2a 

2.4 

_ 

17 

DFM 

0.8318 

13.20 

1.02 

196 

17. 6a 

14.9 

5.2 

18 

Fuel  Oil  #2 

0.8373 

13.4 

1.03 

195 

21. 0a 

20.2 

3.5 

19 

SUNTECH-A 

0.8600 

12.2 

1.24 

166 

27. 9a 

16.0 

16.8 

20 

SUNTECH- B 

0.8416 

12.9 

1.20 

168 

23. 2a 

15.2 

11.9 

22 

JP-5 

0.8184 

13.7 

1.20 

163 

15. 6a 

15.4 

2.2 

— 

SUNTECH 

Kerosene 

0.8056 

14.01 

1.20 

161 

17. 3a,b 

17. 9b 

1 . 5b 

— 

SUNTECH  XTB 

0.8760 

9.95 

1.77 

118 

99. 9a,b 

99. 0b 

0.9b 

— 

SUNTECH  FO 

0.8138 

13.96 

1.04 

188 

16 . 0a,b 

12. 4b 

6.0b 

— 

SUNTECH  40G 

0.8873 

12.74 

1. 10 

193 

23. 2a,b 

20. 2b 

6.2b 

— 

SUNTECH  60G 

0.9028 

12.48 

0.93 

233 

39.1c 

— 

— 

SUNTECH 

Kerosene 

0.8025 

13.86 

1.21 

159 

17. 4a 

16.3 

3.4 

— 

SUNTECH  l\2 
dist . 

0.8308 

13.52 

1.03 

193 

16. 5a 

13.5 

5.4 

— 

SUNTECH  HCGO 

0.9427 

9.95 

1.27 

177 

52.  la 

13.4 

50.0 

Calculated  from  HPLC  wt 7. 

HPLC 

'  vol.%  Total 

Aromat ics 

HPLC 

wt  'l 

MCAH  , 

HPLC  wt%  PCAH 

1.  1  l 

+ 

1 , 

,25 

LC/CfC  data. 


Weight  percent. 

SO 
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TABLE  2.  COMPOSITION  AND  MEASURED  AND  CALCULATED 
PROPERTIES  OF  AEROCHEM-A 


Hydrocarbon 

Formula 

MW 

Mass  (g) 

Mo  1  e  s 

Mole  fraction 

n-tetradecane 

Cx 4H3  0 

198.40 

248.22 

1.2511 

0.2693 

n-heptane 

C  7H  1  6 

100.21 

124.36 

1.2410 

0.2672 

decalin 

C i oH 1 s 

138.25 

120. 18 

0.8693 

0.1872 

toluene 

c7h8 

92.  14 

60.08 

0.6521 

0. 1404 

tetralin 

C 1 0  H 1  2 

132.21 

66.61 

0.5038 

0. 1085 

1-methylnaphthalene 

Ci  iH  1 0 

142.20 

18.08 

0. 1271 

0.0274 

"Totals" 

637.53 

4 . 6444 

1.0000 

Measured  Properties 


Density  at  20°C  0.7996  g  cm 

Freezing  point  depression  1.42°C 

Estimated  molecular  weight  134  g  mol-1 

ASTM  Smoke  Point  23.5 

4>c,  unregulated  burner  1.69 

<PC,  regulated  burner  1.73 


Calculated  Properties 


Average  formula 
Mole  fraction  weighted  MW 
Hydrogen  content,  wt% 
TSIdf 

TSIpf,  unregulated  burner 
TSIpf,  regulated  burner 


C7 . 2II  i  3 . 

137.3  g 

13.53 

17.9 

70 

65 


Premixed  Flame  Soot  Volume  Fraction  Measurements 


Equivalence  ratio  (4>) 


Soot  volume  fraction  (10  7) 


Burner  type 


1.83 

0.30 

unregulated 

1.86 

0.52 

regulated 

1.90 

0.52 

unregulated 

2.00 

1.50 

unregulated 

2.04 

1.69 

regulated 

2.08 

2.25 

unregulated 

2.21 

3.94 

unregulated 

Diffusion  Flame  Smoke  Production  Measurements 


810 

12 

830 

29 

930 

40 

1070 

78 

1290 

125 

1610 

187 

1920 

2  32 

2  390 

307 
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TABLE 

1.  LIST  OF  NAPC 

FUELS 

NAPC 

no. 

Description 

NAPC 
PE  no . 

NRL  no. 

Notes 

1 

SUNTECH- 1 

140-81 

81-13 

2 

SUNTECH-2 

146-81 

81-14 

3 

SUNTECH-3 

147-81 

81-15 

4 

SUNTECH-4 

123-81 

81-16 

* 

5 

Low  Aromatic  JP-5 

101-81 

81-9 

6 

Fuel  Oil  #2 

113-81 

81-10 

Home  Heating  Oil 

7 

20/ 80/HCG0/NAPC-9 

152-81 

81-17 

Hydro  Catalytic  Gas  Oil 

8 

50/50  DFM/NAPC-5 

119-81 

81-12 

Diesel  Fuel,  Marine 

9 

HiAromatic  JP-5 

131-81 

81-19 

10 

Oil  Shale  JP-5 

106-81 

J-22 

16 

JP-7 

31-83 

83-41 

17 

DFM 

30-83 

83-42 

18 

Fuel  Oil 

32-83 

84-3 

19 

SUNTECH-A 

49-83 

d3-43 

20 

SUNTECH-B 

54-83 

83-44 

22 

JP-5 

44-83 

83-45 

— 

SUNTECH  Kerosene 

128-81 

81-20 

— 

SUNTECH  XTB 

125-81 

81-21 

Xylene  Tower  Bottoms 

— 

SUNTECH  FO 

127-81 

81-22 

Furnace  Oil 

— 

SUNTECH  40G 

129-81 

81-24 

40  Golden 

— 

SUNTECH  60G 

130-81 

81-25 

60  Golden 

— 

SUNTECH  Kerosene 

39-83 

84-8 

— 

SUNTECH  #2  dist. 

40-83 

84-9 

SUNTECH  HCGO 

41-83 

84-10 

48 
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40.  Sink,  C.W.,  Hardy,  D.R.,  and  Hazlatt,  R.N.,  "Quantitativa 
Dataraination  of  Compound  Claaaaa  in  Jat  Turbina  Fuala  by 
High  Parformanca  Liquid  Chromatography/Dif farantial  Rafractiva 
Indax  Oataction.  Part  2.,‘*  NRL  Naaorandua  Raport  5497,  31 
Dacambar  1964 . 

41.  Hazlatt,  R.N.,  paraonal  communication,  March  1964. 

42.  Baal,  G.W.,  "Effact  of  Fual  Compoaition  on  Navy  Aircraft 
Engina  Hot  Saction  Componenta,"  NAPC-PE-74C,  May  1963. 

43.  Harrin,  J.R.,  "Influanca  of  Shala  Oil  Baaa  JP-5  on  a  TF30 
Combuator , “  NAPC-PE-59C,  Novambar  1961. 

44.  Edwarda,  A.L.,  An  Introduction  to  Llnaar  Ragraaalon  and  Corra- 
latlon.  Sacond  Ed.  (W.H.  Fraaman  and  Co.,  Naw  York,  1984) 

Chap.  3,4,6,  and  7. 

45.  Bavington,  P.R.,  Data  Reduction  and  Error  Analvala  for  tha 
Phvalcal  Sclancaa  (McGraw-Hill,  Naw  York,  1969)  Chap.  7  and  10. 
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27.  Pagni,  P.J.  and  Bard,  S. ,  "Particle  Volume  Fractiona  in  Dif¬ 
fusion  Flames,"  Seventeenth  Symposium  (International)  on  Com¬ 
bustion  (The  Combustion  Institute,  Pittsburgh,  1979)  p.  1017. 

28.  Lee,  S.C.and  Tien,  D.L.,  "Optical  Constants  of  Soot  in  Hydro¬ 
carbon  Flames,  Eighteenth  Symposium  (International)  on  Com¬ 
bustion  (The  Combustion  Institute,  Pittsburgh,  1981)  p.  1159. 

29.  Kent,  J.H.,  "A  Noncatalytic  Coating  for  Platinum-Rhodium 
Thermocouples,"  Combust.  Flame  14.  279  (1970). 

30.  Kaskan,  W.E.,  "The  Dependence  of  Flame  Temperature  on  Haas 
Burning  Velocity,  "Sixth  Symposium  (International)  on  Com¬ 
bustion  (Reinhold  Publishing  Co.,  1956)  p.  134. 

31.  Reid,  R.C.  and  Sherwood,  T.K.,  The  Properties  of  Gases  and 
Liquids.  Second  Ed.  (McGraw-Hill,  New  York,  1966)  Chap.  9  and 
10. 

32.  Gray,  D.E.,  Ed.  American  Institute  of  Physics  Handbook.  Third 

Ed.  (McGraw-Hill,  New  York,  1972)  p.  6-202.  (a)  p.  6-198  and 
6-211.  (b)  p.  6-212. 

33.  Gaydon,  A.G.  and  Wolf hard,  H.G.,  Flames.  Their  Structure. 
Radiation  and  Temperature.  Third  Ed.  (Chapman  and  Hall,  London, 
1970)  Chap.  9  and  11.  (a)  p.  229-230. 

34.  Cashdollar,  K.J.,  "Three-Wavelength  Pyrometer  for  Measuring 
Flame  Temperatures,"  Appl .  Opt.  18.  2595  (1979). 

35.  Driscoll,  W.G.,  Ed.,  Handbook  of  Optics  (McGraw-Hill,  New 
York,  1978)  pp.  13-15. 

36.  Rutter,  S.,  "Effect  of  Fuel  Composition  on  T53-L-13B  Hot 
Section  Components,"  NAPC-PE-92C,  January  1984.  (a)  Table  C-2. 

37.  Madronich,  S.,  "Prediction  of  Fuel  Mixture  Soot  Thresholds  in 
Premixed  Flames,"  Combust.  Sci.  Tech.  42,  207  (1985). 

38.  Hazlett,  R.N.,  personal  communication,  1984.  The  analysis 
work  was  performed  by  H.C.  Dorn  and  coworkers  at  Virginia 
Polytechnic  Institute  and  State  University. 

39.  Sink,  C.W.,  Hardy,  D.R.,  and  Hazlett,  R.N.,  "Compound  Class 
Quantitation  of  JP-5  Jet  Fuels  by  High  Performance  Liquid 
Chromatography/Dif ferential  Refractive  Index  Detection,"  NRL 
Memorandum  Report  5407,  13  September  1984. 
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Flame  44,  305  <1982). 

17.  Prado,  G.P.,  Lee,  M.L.,  Hites,  R.A.,  Hoult,  D.P.,  and  Howard, 
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Combustion  Institute,  Pittsburgh,  1977)  p.  649. 

18.  Haynes,  B.S.  and  Wagner,  H.Gg.,  "Soot  Formation,"  Progr. 
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AFWAL-TR-84-2104,  January  1985. 
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21.  Naegeli,  D.W.,  Dodge,  L.G.,  and  Moses,  C.A.,  "The  Sooting 
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22.  Friswell,  N.J.,  "The  Influence  of  Fuel  Composition  on  Smoke 
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23.  Shoemaker,  D.P.  and  Garland,  C.W.,  Experiments  in  Physical 
Chemistry.  Second  ed.  <McGraw-Hill,  New  York,  1967)  pp. 

132-141. 
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Raton,  FL,  1984-1985)  p.  F-157. 

26.  "Standard  Test  Method  for  Smoke  Point  of  Aviation  Turbine 
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(b)  Use  teat  fuels  with  a  widar  range  of  properties, 

•.g.f  HX ,  Ar  X ,  SP. 

(c)  Parfora  a  aora  axtanaiva  chaaical  characterization 
of  the  teat  fuala. 

<d)  Haaaura  the  flaaa  taaparatura  In  the  prlaary  and 
aacondary  coabuatlon  zonaa.  Optical  aaaauraaanta 
are  probably  beat  for  thia  and  ahould  Include  a 
aeaaureaent  of  the  flaaa  ealaalvlty. 

(a)  Conaldar  alternative  liner  taaparatura  aeaaureaent 
tachnlquaa. 

(f)  Use  fuala  with  propertlaa  that  are  not  highly 
correlated.  For  example,  HX  ahould  not  be 
atrictly  correlated  with  the  SP  or  aroaatic  content 
of  the  aeriea  of  fuela. 

(g)  An  effort  ahould  be  aade  to  identify  why  in  aoae 
teata  neither  fuel  propertlaa  nor  operating  condi¬ 
tion  variationa  correlate  the  teat  data.  Soae 
proceaa  that  perturba  the  coabuator  data  la  occur¬ 
ring,  but  haa  not  been  identified  in  previoua  work. 

It  ia  iapoaaible  to  identify  thia  proceaa  from  only 
the  reported  reaulta  of  the  inveatigation.  A  ape- 
cific  inveatigation  of  thia  problem  ia  needed 
during  the  combuator /engine  teating  program. 

<h)  Further  correlation  analyses  ahould  be  performed, 
with  particular  efforta  to  aimultaneoualy  conaldar 
operating  condition  variationa  and  fuel  property 
differences. 

<2)  Further  laboratory  inveatigationa  are  neceaaary  to  under- 
atand  the  chemical  and  phyaical  processes  that  are  occurring  in 
aoot  formation,  and  to  identify  which  are  relevant  to  turbojet 
engine  combuation  end  fuel  effects  combustion. 

(3)  The  effects  of  fuel  composition  on  soot  formation  should 
be  studied  under  more  realistic  conditions.  In  particular,  exper¬ 
iments  ahould  be  performed  at  higher  pressures:  100-2000  kPa  <1  to 
20  atm) . 

(4)  Fuel  effects  on  soot  formation  should  be  studied  in 
turbulent  flames  for  comparison  with  the  data  available  from  laminar 
flames. 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 


(1)  Overall,  statistically  significant  correlations  of  fuel 
parameters  with  combustor  test  results  were  obtained  in  fewer  than 
50*  of  the  tests.  The  two  fuel  parameters  .that  best  correlated 
smoke-related  test  results  were  the  laboratory  diffusion  flame 
fuel  consumption  rate  at  the  smoke  point  (FCRo>  and  the  diffusion 
flsme  threshold  soot  index  <TSIdf > •  The  average  coefficient  of 
determination,  r2 ,  for  correlations  of  the  best  fuel  parameter, 
the  diffusion  flame  fuel  consumption  rate  at  the  smoke  point, 
with  the  45  test  results  was  0.37. 

(2)  In  about  25*  of  the  combustor  tests  the  operating 
conditions  varied  enough  to  give  significant  correlations  between 
the  smoke-related  teat  results  and  the  values  of  the  operating 
conditions. 

(3)  The  radiation  flux  data,  RF,  were  correlated  with  fuel 
properties  better  than  the  other  combustor  test  data. 

(4)  The  combustor  liner  temperature  rise  data,  LTR,  corre¬ 
lated  better  with  the  engine  operating  conditions  than  with  any 
fuel  parameter. 

(5)  Premixed  laboratory  flame  measurements  on  the  test  fuels 
were  not  useful  for  correlating  the  combustor  results. 

(6)  Aromatic  hydrocarbon  content  data,  divided  into  mono- 
and  polycyclic  aromatic  hydrocarbon  classes,  were  not  useful  for 
correlating  the  combustor  results. 

(7)  Total  aromatic  hydrocarbon  content,  measured  at  the 
Naval  Research  Laboratory  using  the  HPLC/DRI  technique,  was  found 
to  correlate  the  combustor  test  results  better  than  the  data  ob¬ 
tained  using  the  ASTM  FIA  technique.  Note,  however,  that  total 
aromatic  content  was  not  one  of  the  best  fuel  parameters  for  corre 
lating  these  combustor  data. 

(8)  Baaed  on  the  results  of  this  program,  no  universal  fuel 
parameter  for  correlating  smoke-related  engine  test  results  has 
been  identified. 


(1)  In  future  fuel  effects  testing  programs: 

(a)  Better  control  the  F/A,  C/0,  Tj.n,  and  Pin' 
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were  correlated  with  SPE,  HX,  SP,  1/SP,  TSIdf,  and  FCR0.  The  very 
high  r2  values  for  the  T56  results  are  particularly  noteworthy. 

The  fuel  parameter  and  operating  condition  correlations  at  the  99X 
CL  were  all  unsuccessful  for  the  TF30.  The  T53  fuel  parameter 
correlations  were  moderately  successful.  Whan  one  of  the  fuel 
parameters  of  the  group  HX,  SP,  1/SP,  TSI<j£»  FCR0  or  SPE  was 
successful  (95X  CL)  for  these  combustors,  all  of  the  parameters 
were  aucceaaful.  This  suggests  that  these  fuel  parameters  are 
equally  good  parameters  for  predicting  SE  levels  in  these  combus¬ 
tors.  For  the  T53  and  T56  combustors,  there  were  no  successful 
correlations  with  any  of  the  operating  conditions.  Two  power  levels 
in  the  TF30  combustor  tests  correlated  with  the  operating  condi¬ 
tions.  In  all  three  combustors,  when  a  fuel  parameter  was  success¬ 
ful,  the  operating  conditions  were  not,  and  vice  versa. 

d.  SAE  Smoke  Number  <SN>  -  The  SN  correlations  are  tabu¬ 
lated  in  Tables  30,  31,  and  32  and  the  summary  in  Table  33.  The 
results  of  these  correlations  provided  similar  information  to  the 
results  obtained  with  the  SE  tests.  At  the  99X  CL,  the  best  fuel 
correlating  parameter  was  SPE,  although  no  fuel  parameter  correlated 
any  of  the  TF30  test  results  for  SN. 

•-  Correlations  Bv  Engine  Type  -  Radiation  flux  correlated 
with  fuel  properties  much  better  than  SN  or  SE,  and  LTR  correlated 
much  poorer  than  SN  or  SE  for  these  three  combustors  together. 

Table  34  shows  the  same  coefficient  of  determination  data  analyzed 
by  engine  type.  The  best  fuel  correlating  parameter  at  the  95X 
CL,  FCR0,  was  successful  in  20  out  of  45  total  teats,  and  the  T56 
and  T53  data  seta  were  definitely  correlated  better  than  the  TF30 
data.  At  the  99X  CL,  the  best  overall  correlating  parameter  was 
SPE  followed  by  TSI<j£.  In  Table  34,  the  operating  conditions  are 
not  individually  listed.  "All"  is  used  to  indicate  the  number  of 
times  any  operating  condition  was  successful.  The  operating  con¬ 
ditions  correlated  the  TF30  data  much  better  than  the  other  combus¬ 
tor  data:  This  reemphasized  the  contention  that  unless  the  opera¬ 
ting  conditions  are  held  rigidly  constant  (or  the  effects  of  the 
operating  condition  variations  accurately  accounted  for  in  the 
analysis),  fuel  effects  can  be  hidden  by  the  usually  random  opera¬ 
ting  condition  variations. 
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b.  Maximum  Liner  Twpwaturt  Rise  <LTR)  -  The  LTR  corrt- 
lations  arm  givmn  in  Tablma  22,  23,  and  24.  The  LTR  summary. 

Table  25,  shows  clearly  that,  the  fuel  parametera  do  not  accurately 
correlate  the  LTR  results.  The  best  correlating  parameter  was  an 
operating  condition  parameter,  the  C/0  ratio,  which  was  successful 
<at  the  95*  CL)  in  50*  of  the  correlations  (12).  Specifically, 
the  TF30  data  were  correlated  better  by  the  C/0  parameter  than  the 
T53  and  T56  results.  However  at  two  power  levels  where  the  C/0 
parameter  was  successful  for  the  TF30,  fuel  parameters  were  also 
successful  (SPE  was  the  best).  Overall,  fuel  parameters  were 
generally  unsuccessful  in  correlating  the  LTR  results  for  these 
combustors.  Particularly  note  that  at  the  99x  CL,  no  parameter, 
fuel  or  operating  condition  successfully  correlated  any  of  the  8 
T56  or  TS3  tests.  Although  the  high  dependence  of  the  TF30  test 
results  on  operating  conditions  generally  invalidates  those  engire 
tests  as  meaningful  in  attempting  to  correlate  LTR  with  fuel  prop¬ 
erties,  the  situation  is  less  clear  for  the  other  data.  A  fuel 
effects  correlation  may  exist  but  these  data  are  simply  inadequate 
to  show  it.  Clearly  more  work  and  better  data  are  needed  in  this 
area,  since  LTR  is  probably  the  most  practically  important  variable 
being  studied  because  of  its  direct  influence  on  the  combustor 
service  lifetimes. 

The  reports  of  the  TF-30  and  T53  studies  state  that  the 
liner  temperature  data  are  correlated  with  Hx.  In  the  TF30  re¬ 
port,  42  before  correlations  were  performed  with  HX,  the  liner 
temperature  data  were  corrected  for  (1)  variations  in  the  inlet 
temperatures,  (2)  variations  in  the  actual  fuel-air  ratios,  and 
(3)  differences  in  the  heating  values  of  the  fuels.  To  perform 
these  corrections,  it  was  assumed  that  the  variations  of  liner 
temperatures  with  inlet  temperature  and  with  fuel -air  ratio  were 
identical  for  all  fuels.  The  measured  variations  for  NAPC-5  were 
used  to  correct  data  aets  obtained  using  other  fuels.  No  validation 
of  these  assumptions  was  made.  In  this  work,  the  ten  NAPC  fuels 
were  found  to  exhibit  a  wide  variation  in  the  change  of  laboratory 
premixed  flame  temperature  with  fuel-air  ratio  (-226  to  -499  K/9, 

•••  Table  10)  as  would  be  expected  for  flames  with  various  amounts 
of  radiative  heat  losses.  This  method  of  "correcting"  test  data 
results  needs  further  study  to  determine  its  validity. 

c.  Smoke  Emission  (SE)  -  Individual  smoke  emission  corre¬ 
lations  are  presented  in  Tables  16,  17  and  18,  and  are  summarized 
in  Table  19.  Fuel  parameters  were  successful  in  fewer  than  50X  of 
the  total  number  of  tests  carried  out  with  the  three  combustors. 
Overall,  at  the  95X  CL,  SPE,  HX,  1/SP,  TSI^f,  ARX  CHPLC),  and  FCR0 
correlated  5  out  of  12  cases  and  in  that  order  of  decreasing  r2. 

At  the  99X  CL,  however,  the  best  correlating  parameters  were  ARX 
<HPLC)  and  SPE,  which  successfully  correlated  4  and  3  cases.  For 
the  T56  combustor,  shown  in  Table  27,  all  power  level  tests  were 
successfully  correlated  by  ARX  (HPLC)  and  three  out  of  four  tests 
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minus  2.  Further  examples  and  uae  of  the  coefficient  of  determin¬ 
ation  and  confidence  levela  can  be  found  in  Ref.  44. 

In  thia  work,  the  aucceaa  of  a  fuel  (or  operating  condition) 
parameter  in  correlating  the  combuator  teat  reaulta  waa  judged  by 
a  aimple  criterion.  If  the  coefficient  of  determination,  r2,  waa 
equal  to  or  greater  than  the  95x  CL  r2  or  the  99X  CL  r2  value, 
then  the  fuel  or  operating  condition  parameter  being  correlated 
waa  deemed  "aucceaaf ul“  at  that  confidence  level. 

5.  Reaulta  of  the  Correlation  Analvaea 

A  large  number  of  linear  correlations  were  performed.  These 
correlation  reaulta  are  presented  in  Tables  18  through  33.  Each 
table  contains  the  coefficienta  of  determination  for  a  single  en¬ 
gine  and  one  of  the  amoke-related  performance  teats.  In  these 
tables,  the  fuel  (fitting)  parameters  being  correlated  are  listed 
in  the  left-hand  column  and  the  other  columns  are  headed  by  the 
power  level  for  which  the  correlation  was  performed.  The  last 
items  in  each  power  level  column  are  the  specific  fuels  employed 
in  the  tests  (not  all  ten  fuels  were  used  in  some  tests)  and  the 
95*  CL  and  99X  CL  r2  values. 

a.  Radiation  Flux  (RF)  -  Radiation  flux  is  a  performance 
teat  which  measures  the  visible  and  infrared  radiation  emitted 
from  the  combustion  zone  of  the  engine.  From  Tables  18,  19,  20  or 
the  RF  summary  Table  21,  it  was  found  that  FCRo  and  hydrogen  content 
(HX)  successfully  correlated  RF  in  8  out  of  11  possible  testsd.e, 
three  or  four  power  levels  for  three  combustors  =  eleven  tests)  at 
the  95X  CL  and  that  TSIdf#  SPE,  and  1/SP  successfully  correlated 
the  RF  data  in  4,  3,  and  3  out  of  11  tests  at  the  99X  CL.  Based 
on  the  overall  average  r2'  TSIdf  I®  a  slightly  better  correlating 
parameter  than  the  other  fuel  parameters.  Each  of  FCR0»  HX,  TSIdf » 

SP,  1/SP,  and  SPE  were  successful  correlating  parameters  (at  the 
95X  CL)  in  more  than  50x  of  the  RF  tests,  and  in  that  order  of  de¬ 
creasing  success.  Particularly  noteworthy  is  the  fact  that  HX  and 
FCR0  correlate  all  the  results  for  the  T53  combustor  (at  the  95X 
CL).  The  fuel  composition  parameters  (ARX,  MCAH ,  PCAH),  premixed 
flame  parameters,  and  all  of  the  operating  condition  parameters, 
all  poorly  correlate  the  RF  test  results.  These  results  show  that 
laboratory  scale  diffusion  flame  tests  (FCR0*  SP,  TSIdf »  etc.), 
and  HX,  could  be  used  as  RF  correlation  parameters.  They  are 
successful  irrespective  of  combustor  type  and  for  most  power  levels. 
Furthermore  (see  Tables  18,  19,  and  20) ,  in  greater  than  90X  of 
the  cases  where  one  fuel  parameter  was  successful  at  the  95x  CL 
(i.e.,  one  of  HX,  FCR0»  TSIdf »  SP  or  1/SP),  the  others  in  this 
group  were  also  successful.  In  this  sense,  they  are  not  completely 
independent  fuel  parameters.  In  fact,  when  HX  waa  correlated 
against  SP,  an  r2  =  0.95  was  obtained;  FCR0  vs.  SP  gave  r2  *  0.85. 
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TABLE  5.  DIFFUSION  FLAME  SOOT  PRODUCTION  FOR  PURE 
HYDROCARBONS,  BINARY  MIXTURES,  AND  AEROCHEM-A 


Component 


FCR  SPR 

(mg  s-1)  (ug  s_l) 


Component 


FCR  SPR 

(mg  s-1)  (yg  s~l) 


n-tetradecane 

3.67 

16 

n-heptane 

5. 17 

3.71 

24 

6.67 

3.78 

38 

7.22 

4.06 

124 

8.67 

4.25 

151 

9.33 

4.56 

173 

4.92 

213 

5.00 

217 

5.33 

248 

Isooctane  (2, 2,4- 

1.73 

9.3 

Decal in 

0.83 

trimethyl  pentane 

1.78 

28 

0.93 

1.83 

55 

1.13 

1.87 

48 

1.62 

1.89 

55 

1.79 

2.00 

88 

2.21 

2.29 

137 

2.46 

2.44 

183 

3.06 

268 

Tetralin 

0.32 

3.50 

337 

0.44 

4.22 

427 

0.56 

0.73 

Toluene 

0.33 

17.8 

0.96 

0.56 

89.4 

1.50 

0.94 

179 

1.08 

218 

AeroChem-A 

0.81 

1.50 

292 

0.83 

0.93 

1-methyl- 

0.  17 

3.6 

1.07 

naphthalene 

0.26 

34.8 

1.29 

0.39 

85.6 

1.61 

0.58 

152 

1.92 

0.83 

218 

2.39 

1.06 

270 

Toluene/ isooctane 

0.95 

Toluene /isooctane 

0.53 

1 1 

(15/85,  v/v) 

0.97 

(40/60,  v/v) 

0.64 

27 

1.25 
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TABLE  6.  DIFFUSION  FLAME  SOOT  1 RODUCTION  FOR  NAPC  FUELS 


FCR 

SPU 

FCR 

SPR 

Fuel 

(mg  s-1) 

(yg  s-1) 

Fuel 

(mg  s-') 

(yg  s_l) 

NAPC-1 

0.56 

4.7 

NAPC-2 

0.60 

14 

0.61 

19 

0.61 

11 

0.64 

34.2 

0.69 

35.6 

0.78 

71.4 

0.83 

75.3 

1.00 

119 

1.17 

144 

1.04 

138 

1.56 

228 

1.33 

182 

2.06 

317 

1.44 

210 

1.72 

273 

2.00 

327 

NAPC-3 

0.71 

18 

NAPC-4 

0.74 

8.6 

0.73 

32.7 

0.79 

34 

0.83 

53.3 

0.87 

57.3 

1.22 

139 

1.08 

99.2 

1.61 

218 

1.72 

222 

1.83 

262 

2.56 

371 

2.11 

312 

2.33 

343 

NAPC-5 

0.79 

14 

NAPC-6 

0.56 

11 

0.86 

35.0 

0.67 

43.1 

1.03 

74.3 

0.90 

96.0 

1.12 

100 

1.29 

189 

1.39 

157 

1.50 

226 

1.89 

249 

1.78 

282 

2.17 

295 

2.00 

331 

NAPC-7 

0.46 

13.7 

NAPC-8 

0.69 

15.6 

0.52 

29.8 

0.72 

30.8 

0.75 

86.4 

0.93 

86.0 

1.07 

155 

1.  12 

134 

1.25 

195 

1.50 

200 

1.67 

291 

1.78 

260 

1.89 

333 

2.11 

327 

NAPC- 9 

0.67 

7.6 

NAPC-10 

0.77 

3.1 

35.3 

22 
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TABLE  7. 

PREMIXED  FLAME  PROPERTIES 

OF  NAPC  FUELS 

Unregulated 

burner 

Regulated  burner 

NAPC 

no. 

Description 

<f>  TSI  £  d> 

c  pf  c 

TSIpf  T*c  *<f 

SUNTECH- 1 
SUNTECH-2 
SUNTECH- 3 
SUNTECH-4 
Low  Aromatic  JP-5 
Fuel  Oil  n 
20/80  HCGO/NAPC-9 
50/50  DFM/NAPC-5 
HiAromatic  JP-5 
Oil  Shale  JP-5 
JP-7 
DFM 

Fuel  Oil  #2 
SUNTECH-A 
SUNTECH- B 
JP-5 

SUNTECH  Kerosene 
SUNTECH  XTB 
SUNTECH  FO 
SUNTECH  40G 
SUNTECH  BOG 
SUNTECH  Kerosene 
SUNTECH  //2  dist. 
SUNTECH  HCGO 
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TABLE  8. 

PREMIXED  FLAME 

TEMPERATURES 

(K)  FOR 

NAPC  FUELS  AND  AEROCHEM-A 

Temperatures  measured  at 

2.0 

cm  above 

burner 

surface . 

Fuel 

<f> 

T(K) 

Method3 

Fuel 

T(K) 

Method3 

NAPC-1 

1.49 

1783 

TC 

NAPC-2 

1.50 

1770 

TC 

1.53 

1770 

TC 

1.54 

1757 

TC 

1.58 

1751 

TC 

1.59 

1747 

TC 

1.62 

1727 

TC 

1.63 

1738 

TC 

1.81 

1724b 

EP 

1.75 

1637 

EP 

1.85 

1618 

EP 

1.83 

1631 

EP 

1.90 

1588 

EP 

1.91 

1582 

EP 

1.99 

1564 

EP 

2.01 

1553 

EP 

2.  11 

1508 

EP 

2.13 

1527 

EP 

2.24 

1494 

EP 

NAPC-3 

1.47 

1786 

TC 

NAPC-4 

1.52 

1773 

TC 

1.51 

1775 

TC 

1.56 

1767 

TC 

1.55 

1761 

TC 

1.61 

1744 

TC 

1.60 

1741 

TC 

1.66 

1721 

TC 

1.82 

1613 

EP 

1.88 

1670 

EP 

1.91 

1594 

EP 

1.88 

1730 

EP 

2.05 

1557 

EP 

1.98 

1594 

EP 

2.18 

1535 

EP 

1.98 

1593 

EP 

2.07 

1562 

EP 

2.09 

1550 

F.P 

2.18 

1528 

EP 

NAPC-5 

1.52 

1765 

TC 

NAPC-6 

1.19 

1935 

TC 

1.56 

1756 

TC 

1.30 

1884 

TC 

1.61 

1744 

TC 

1.43 

1827 

TC 

1.66 

1727 

TC 

1.59 

1775 

TC 

1.82 

1655 

EP 

1.80 

1613 

EP 

1.94 

1611 

EP 

1.92 

1559 

EP 

2.09 

1588 

EP 

2.05 

1515 

EP 

2.26 

1514 

EP 

2.22 

1515 

EP 

NAPC-7 

1.14 

1978 

TC 

NAPC-8 

1.18 

1945 

TC 

1.24 

1923 

TC 

1.28 

1891 

TC 

1.36 

1850 

TC 

1.41 

1818 

TC 

1.50 

1800 

TC 

1.57 

1777 

TC 

1.86 

1594 

EP 

1.97 

1672 

EP 

1.95 

1551 

EP 

2.02 

1662 

EP 

2.05 

1513 

EP 

2.03 

1652 

EP 

2.18 

1475 

EP 

2.07 

1584 

EP 

2. 12 

1615 

EP 

2.13 

1628 

EP 

2.17 

1525 

EP 

2.24 

'  1589 

EP 

2.27 

1529 

EP 

2.33 

1578 

EP 

3  TC  =  thermocouple  measurement;  EP 

=  three-wavelength  emission 

pyrometer 

measurement . 
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Fuel 

NAPC-9 


NAPC-17 


NAP C- 20 


SUNTECH 
kerosene 
PE  no. 
39-83 

SUNTECH  40G 
PE  no. 
129-81 


AEROCHEM-A 


_JL_ 

T(K) 

TABLE  8. 

Method3 

(continued) 

Fuel 

4> 

T  (K) 

Method 

1.19 

1921 

TC 

NAPC-10 

1.51 

1769 

TC 

1.30 

1863 

TC 

1.55 

1737 

TC 

1.44 

1810 

TC 

1.59 

1735 

TC 

1.61 

1767 

TC 

1.64 

1709 

TC 

2.00 

1666 

EP 

1.97 

1762b 

EP 

2.10 

1629 

EP 

2.06 

1651 

EP 

2.20 

1590 

EP 

2.17 

1602 

EP 

2.30 

1558 

EP 

2.26 

1578 

EP 

2.39 

1554 

EP 

2.36 

1559 

EP 

1.25 

1900 

TC 

NAPC-19 

1.22 

1965 

TC 

1.34 

1847 

TC 

1.30 

1923 

TC 

1.44 

1803 

TC 

1.40 

1886 

TC 

1.57 

1769 

TC 

1.51 

1844 

TC 

1.21 

1976 

TC 

SUNTECH  XTB 

1.47 

1831 

TC 

1.29 

1931 

TC 

PE  no. 

1.49 

1829 

TC 

1.38 

1880 

TC 

125-81 

1.51 

1824 

TC 

1.49 

1846 

TC 

1.47 

1780 

TC 

SUNTECH  FO 

1.45 

1781 

TC 

1.51 

1764 

TC 

PE  no. 

1.51 

1767 

TC 

1.55 

1747 

TC 

127-81 

1.58 

1741 

TC 

1.60 

1724 

TC 

1.65 

1705 

TC 

1.22 

1928 

TC 

SUNTECH  HCGO 

1. 15 

2020 

TC 

1.33 

1882 

TC 

PE  no. 

1.21 

1973 

TC 

1.45 

1820 

TC 

41-83 

1.29 

1925 

TC 

1.61 

1765 

TC 

1.38 

1884 

TC 

1.44 

1794 

TC 

SUNTECH 

1.50 

1769 

TC 

1.52 

1770 

TC 

kerosene 

1.54 

1759 

TC 

1.57 

1757 

TC 

PE  no . 

1.59 

1742 

TC 

1  .61 

171  s 

Tr 

128-81 

1.63 

1715 

TC 
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TABLE  9.  MOLECULAR  WEIGHT  DETERMINATION  OF  HYDROCARBONS 
BY  FREEZING  POINT  DEPRESSION  MEASUREMENTS  IN  BENZENE 


Freezing  point 
depression 


Hydrocarbon  _ (°C) 

1-methylnaphthalene  1.76 
n- tridecane  0.96 
n-butylbenzene  1.53 
AeroChem-A  1.42 


Experimental  Theoretical  MW 

MW  (g  mol-1)  MW  (g  mol-1)  Error3 

138  142  -4 

189  184  +5 

134  134  0 

134  137  -3 


0 

MW  error  =  (experimental  MW)  -  (theoretical  MW) . 
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TABLE  10.  I  NEAR  LEAST  SQUARES  ANALYSES 
OF  PREMLXED  FLAME  TEMPERATURES 
PRESENTED  IN  TABLE  8 

Fitting  function:  Temperature,  K  =  A  +  B<J>; 
r2  =  coefficient  of  determination. 


Fuel 

A,  K 

B.  K  <j>_1 

r 2 

NAPC-1 

2404 

-419 

0.984 

NAPC-2 

2407 

-423 

0.969 

NAPC-3 

2352 

-387 

0.968 

NAPC-4 

2370 

-388 

0.985 

NAPC-5 

2288 

-342 

0.990 

NAPC-6 

2474 

-457 

0.965 

NAPC-7 

2539 

-499 

0.995 

NAPC-8 

2314 

-333 

0.948 

NAPC-9 

2263 

-304 

0.994 

NAPC-10 

2095 

-226 

0.977 

NAPC-1 7 

2398 

-406 

0.967 

NAPC-19 

2461 

-410 

0.994 

NAPC-20 

2539 

-470 

0.980 

S UNTECH  XTB 

(PE#  125-81) 

2089 

-175 

0.942 

SUNTECH  Kerosene 
(PE#  39-83 

2414 

-431 

0.999 

SUNTECH  Kerosene 
(PE#  128-81) 

2381 

-406 

0.953 

SUNTECH  FO 

(PE#  127-81) 

2338 

-381 

0.975 

SUNTECH  40G 
(PE#  129-81) 

2444 

-425 

0.993 

SUNTECH  HCGO 
(PE#  41-83 

2688 

-586 

0.987 

AEROCHEM-A 

2126 

-235 

0.865 
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TABLE  1L  MIXTURE  RULE  CALCULATIONS  OF  PREMIXED  FLAME 
AND  DIFFUSION  FLAME  THRESHOLD  SOOTING  INDICES 
FOR  AEROCHEM-A 


Hydrocarbon 

Mole 

fraction,  X. 

l 

Diffusion 

TSI.  X 

l 

flame 

;,tsi. 

i  i 

Premixed  flame 

TSI.  X.(l.l)TSli 

l  i 

n-tetradecane 

0.2693 

5.4 

1.5 

63 

120 

n-heptane 

0.2672 

2.6 

0.7 

62 

98 

decalin 

0.1872 

15 

2.8 

81 

422 

toluene 

0.1404 

44 

6.2 

85 

463 

tetralin 

0.1085 

61 

6.  6 

97 

1123 

1-methylnaphthalene 

0.0274 

91 

2.5 

100 

378 

Suml  = 

20.3 

Sum2  = 

2604 

Diffusion  Flame  TSI  =  Suml  =  20.3 

Premixed  Flame  TSI  =  =  82.5 

log  (1.1) 


TABLE  12.  CALCULATED  DIFFUSION  FLAML  TSIs  FOR  NAPC  FUELS 


Composition 


NAPC 

no. 

Vi 

Wi 

X. 

1 

PE  no . 

1 

0.735 

0.725 

0.659 

127-81 

0.082 

0.080 

0.085 

128-81 

0.150 

0.159 

0.230 

125-81 

0.033 

0.036 

0.026 

130-81 

2 

0.930 

0.925 

0.912 

139-81' 

0.030 

0.033 

0.047 

125-81 

0.040 

0.043 

0.041 

129-81 

3 

0.450 

0.445 

0.465 

128-81 

0.070 

0.075 

0.  107 

125-81 

0.480 

0.488 

0.429 

f 127-8 1 
U39-81' 

4 

0.475 

0.471 

0.501 

128-81 

0.475 

0.474 

0.433 

127-81 

0.030 

0.032 

0.047 

125-81 

0.020 

0.022 

0.019 

129-81 

7 

0.200 

0.227 

0.211 

148-81' 

0.800 

0.773 

0.789 

131-81 

8 

0.500 

0.505 

0.459 

118-811 

0.500 

0.495 

0.541 

101-81 

19 

0.528 

0.489 

0.523 

39-83 

0. 161 

0. 173 

0.  152 

40-83 

0.311 

0.338 

0.325 

41-83 

20 

0.240 

0.227 

0.258 

39-83 

0.550 

0.539 

0.504 

40-83 

0.210 

0.234 

0.239 

41-83 

TSI,,  (mixture) 
dr 


TSI. 

l 

Calculated 

Observed 

F0 

25.4 

31.8 

33.5 

Kerosene 

21.9 

XTB 

49.4 

60G 

70.8 

FO 

30? 

31.7 

32.1 

XTB 

49.4 

40G 

49.8 

Kerosene 

21.9 

26.9 

25.2 

XTB 

49.4 

FO 

26.6 

Kerosene 

21.9 

25.2 

24.9 

FO 

25.4 

XTB 

49.4 

40G 

49.8 

HCGO 

87.6? 

40.0 

42.2 

NAPC-9 

27.3 

PFM 

33.7? 

28.3 

30.1 

NAPC-5 

22.9 

Kerosene 

21.1 

44.2 

51.5 

It 2  dist. 

31.1 

HCGO 

87.6 

Kerosene 

21.1 

42.0 

38.1 

If 2  dist. 

31.  1 

HCGO 

87.6 

3  Fuels  not  tested  in  this  work. 


AO 


V- 


v. 

ZSmUl 


;.cy:£v:v&v:v:y^^ 
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TABLE  11  LEAST  SQUARES  ANALYSES  OF  SOOT  PRODUCTION  RATES  (SPR) 
FOR  PURE  HYDROCARBONS,  BINARY  MIXTURES,  AND  AEROCHEM-A 


Function  no. 

la 

Function  no 

.  2b 

FCR„c 

Goodness 
of  fitd 

Fuel 

a 

b 

c 

a' 

b' 

>» 

c 

(mg  s-1) 

r2 

0 

n-heptane 

386.7 

-158.8 

16.2 

1.5 

16.1 

16.2 

5.40 

0.998 

8.5 

n-Cetradecane  - 

-1851.3 

769.3 

-70.8 

25.9 

245.4 

-70.8 

3.70 

0.985 

12.4 

toluene 

-90.7 

353.5 

-65.5 

3.2 

316.8 

-65.5 

0.28 

0.999 

4.6 

tetralin 

-89.0 

286.8 

-13.3 

1.4 

278.3 

-13.3 

0.32 

0.997 

8.6 

decal in 

-200.9 

285.0 

-26.9 

2.5 

243.6 

-26.9 

0.77 

0.999 

5.3 

isooctane 

-455.4 

322.8 

-27.2 

10.2 

231.5 

-27.2 

1.68 

0.996 

9.3 

1-methyl- 

naphthalene 

-72.0 

453.8 

-124.0 

1.6 

411.7 

-124.0 

0.17 

1.000 

2.6 

AeroChem-A 

-196.7 

291.6 

-34.1 

2.9 

240.4 

-34.1 

0.75 

0.998 

5.5 

15/85  toluene/ 
isooctane 

(v/v) 

-244.3 

295.8 

-27.8 

11.6 

243.0 

-27.8 

0.95 

0.986 

19.9 

40/60  toluene/ 
isooctane 

(v/v) 

-170.0 

365.7 

-56.9 

4.8 

306.5 

-56.9 

0.52 

0.996 

10.1 

SPR,  ng  s-1  =  a  +  b  FCR  +  c  fFCR)2  where  FCR  ~  fuel  consumption  rate,  mg  s“l. 
b  SPR,  )ig  s*‘  =  a'  +  b'CAFCR)  +  c'  (AFCR) 2  where  AFCR  (mg  s-1)  =  FCR  -  FCR0 

Q 

FCR0  =  Fuel  consumption  rate  at  SPR  2  0. 

d  r2  =  coefficient  of  determination;  O  =  standard  deviation  of  fit  =  [ (SPRobs- 
SPRca^c) 2/ (N-3)  ]  1‘/  3 ,  where  N  =  number  of  data  points  used  in  fit. 
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TABLE  14.  SOOT  YIELD  PARAMETERS  FOR  AEROCHEM-A  COMPONENTS 


Component 

X. 

1 

n- heptane 

0.267 

n-tetradecane 

0.270 

decalin 

0.187 

toluene 

0.140 

tetralin 

0.109 

1-methylnaphthalene 

0.027 

f°  . 
v,i 

9i 

To 

(10  a) 

(K) 

(K) 

~1.0 

49,900 

1540 

1.3 

31,500 

1630 

1.7 

40,900 

1670 

2.3 

42,300 

1730 

3.6 

34,200 

1805 

5.0 

29,100 

1845 
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TABLE  15. 

Operating  condit 

TEST  DATA 

ions 

FOR  TF30 

COMBUSTOR 

Engine 

tests 

NAPC 

no . 

F/A 

(R  kg-1) 

Inlet 
tempera¬ 
ture  (K) 

Inle  t 

pres¬ 

sure 

(kPa) 

Smoke 

emis¬ 
sions 
(mg  m-J) 

Smoke 

number 

(SAE) 

LTR 

(K) 

RF 

(kW  m-2) 

Idle 

1 

9.7 

447.8 

379.9 

2.93 

91.7 

2 

9.9 

447.2 

380.6 

3.59 

— 

93.9 

— 

3 

9.3 

449.4 

375.8 

2.62 

— 

107.8 

— 

4 

9.0 

447.2 

424.0 

— 

— 

132.8 

— 

5 

8.9 

441.1 

397.  1 

2.  10 

— 

120.6 

— 

6 

10.3 

445.0 

397. 1 

6.80 

— 

141.1 

— 

7 

10.2 

443.3 

398.5 

2.54 

— 

130.0 

— 

8 

15.9 

450.6 

377.1 

4.16 

— 

133.3 

— 

9 

8.6 

449.4 

368.9 

— 

1.5 

128.3 

— 

10 

8.9 

446.7 

370.9 

— 

1.4 

125.6 

— 

Cruise 

1 

12.3 

625.0 

759.8 

3.01 

— 

206.7 

397.3 

2 

12.5 

624.4 

777.0 

3.31 

— 

208.9 

— 

3 

13.4 

626.7 

754.3 

7.66 

— 

213.9 

431.3 

4 

12.8 

619.4 

761.9 

4.93 

— 

205.0 

408.6 

5 

11.8 

623.3 

770.  1 

2.79 

— 

198.3 

351.9 

6 

12.3 

622.2 

749.5 

7.58 

— 

199.4 

454.0 

7 

12.7 

621.7 

742.6 

7.91 

— 

209.4 

510.8 

8 

13.4 

628.  3 

768. 1 

7.21 

— 

220.0 

465.4 

9 

11.6 

625.6 

877  .0 

— 

25.0 

214.4 

— 

10 

11.7 

621.7 

882.5 

— 

23.8 

233.9 

— 

SLTO 

1 

19.3 

746.7 

757.0 

3.20 

15.9 

268.3 

567.5 

2 

19.3 

745.0 

727.4 

2.41 

13.2 

262.2 

567.5 

3 

19.0 

752.8 

1785.7 

5.36 

— 

325.6 

692.4 

4 

19.3 

744.4 

745.3 

2.88 

10.8 

263.9 

624.3 

5 

19.0 

746.1 

761.9 

2.23 

12.1 

257.8 

544.8 

6 

19.8 

746.7 

750.1 

— 

12.2 

281.7 

658.3 

7 

19.9 

745.6 

746:7 

0.57 

14.6 

294.4 

692.4 

8 

19.7 

749.4 

735.0 

2.11 

— 

273.3 

590.2 

9 

17.9 

753:3 

1792.6 

— 

17.0 

318.9 

— 

10 

17.0 

753.3 

1789.2 

— 

17.3 

321.7 

— 

Dash 

1 

20.1 

777.8 

746.0 

— 

11.2 

292.2 

624.3 

2 

20.6 

780.0 

743.9 

— 

13.  1 

291.7 

590.2 

3 

19.0  , 

782.2 

1530.6 

2.82 

— 

339.4 

692.4 

4 

19.9 

780.6 

751.5 

1.77 

8.2 

280.0 

635.6 

5 

19.9 

785.0 

779.8 

1 .  13 

6.5 

279.4 

556.2 

6 

20.8 

780.0 

743.  3 

2.40 

— 

305.6 

669.7 

7 

20.8 

783.3 

743.9 

2.98 

11.4 

307.8 

737.8 

8 

21.2 

777.2 

749.5 

3.20 

11.7 

311.7 

624.3 

9 

18.9 

781.7 

1 578.9 

— 

8.6 

351.7 

— 

10 

17.6 

778.9 

1  r)  5  8 .  9 

9.9 

350.0 

•  -  »  -V  , 
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TABLE  16.  TEST  DATA 

Operating  conditions 

FOR  T56 

COMBUSTOR 

Engine 

tests 

NAPC 

no . 

F/A 

(R  kg'1) 

Inlet 
tempera¬ 
ture  (K) 

Inlet 

pres¬ 

sure 

(kPa) 

Smoke 

emis¬ 
sions 
(mg  m-3) 

Smoke 

number 

(SAE) 

LTR 

(K) 

RF 

(kW  m~2) 

Idle 

1 

9.6 

435.9 

368.9 

24.90 

47.9 

243.9 

111.8 

2 

10.5 

456.5 

369.6 

21.40 

44.5 

256. 1 

109.7 

3 

10.7 

450.4 

369.6 

23.40 

46.5 

264.4 

115.2 

4 

10.  1 

443.2 

383.3 

21.40 

44.5 

230.6 

108.4 

5 

9.4 

441.5 

368.2 

21.40 

44.5 

212.8 

96.7 

6 

11.3 

447.6 

374.4 

25.30 

48.3 

255.6 

122.3 

7 

10.  1 

442.0 

368.9 

31 . 00a 

52.8 

246.7 

132.5 

8 

10.6 

442.0 

372.9 

23.60 

46.7 

225.6 

106. 1 

9 

10.5 

442.0 

369.6 

24.30 

47.4 

228.3 

110.8 

10 

10.2 

447.0 

37’. 6 

21.90 

45.0 

241.7 

— 

Cruise 

1 

21.7 

533.7 

480.6 

19.30 

42.2 

469.4 

137.4 

2 

22.2 

550.9 

480.6 

13.50 

34.2 

462.2 

150.3 

3 

22.3 

553.7 

486.  1 

17.70 

40.3 

458.3 

127.7 

4 

22.  L 

549.3 

484.0 

16.50 

38.8 

460.6 

134.9 

5 

22.  3 

550.9 

475.0 

14.20 

35.4 

443.9 

131.2 

6 

22.2 

550.9 

4/9.9 

19.80 

42.8 

438.3 

142.5 

/ 

22.4 

550.9 

4  79.9 

20.50 

44 . 7 

436.  1 

158.0 

8 

22.3 

549.8 

478.5 

16.40 

38.6 

441.7 

142.8 

9 

21.9 

546.5 

484.7 

17.10 

39.5 

437.8 

130.2 

10 

21.9 

532.0 

473.7 

16.70 

39.0 

474.4 

— 

Climb-out 

1 

18.2 

596.5 

963.9 

25.20 

48.2 

436.7 

142.4 

2 

18.  1 

594.8 

966.0 

19.80 

42.8 

437.8 

158.5 

3 

18.5 

594.8 

947.3 

20.70 

•+3.8 

445.0 

136.8 

4 

18.4 

594.8 

961.1 

20.30 

43.4 

428.3 

155.7 

5 

18.4 

595.4 

952.2 

19.60 

42.6 

405.6 

155.2 

6 

18.4 

594.8 

946.6 

27.50 

50.  1 

393.9 

148.4 

7 

18.5 

594.3 

963.9 

27.40s 

50.0 

398.3 

156.2 

8 

18.3 

591.5 

947.3 

22.40 

45.6 

405.6 

149.0 

9 

18.4 

594.3 

966. 6 

20.30 

43.4 

406.  1 

142.5 

10 

18.  1 

571.5 

957.7 

22.90 

46.0 

441.7 

— 

SLTO 

1 

22.1 

599.8 

999.0 

27.40 

50.0 

542.2 

158.4 

2 

22.0 

602.6 

999.7 

15.60 

37.5 

534.4 

159.4 

3 

22.  3 

603.2 

993.5 

19.50 

42.5 

546.  1 

153.7 

4 

22.4 

602.6 

996.3 

18.80 

41.7 

506. 1 

161.6 

5 

22.3 

602.6 

994.9 

18.10 

40.8 

498.9 

170.0 

6 

22.0 

602.0 

1008.7 

22.10 

45.3 

475.0 

152.5 

7 

22.3 

603.7 

1014.9 

20. 70a 

43.8 

496.  1 

168.5 

8 

22.1 

600.4 

1012.8 

17.50 

40.  1 

492.8 

151.3 

q 

22.3 

603.2 

1001  .8 

2  3.00 

46.  1 

501. 1 

157.4 

10 

21.9 

883.7 

1008.7 

20.90 

44.0 

540.0 

— 

a 


Recalculated  value. 
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TABLE  17.  TEST  DATA  FOR  T53  COMBUSTOR 


_ Operating  conditions _ _ Engine  tests 


NAPC 

F/A 

Inlet 

tempera¬ 

Inlet 

pres¬ 

sure 

Smoke 

emi  s- 
sions 

Smoke 

number 

LTR 

RF 

no . 

(g  kg~l) 

ture  (K) 

(kPa) 

(mg  m-3) 

(SAE) 

(K) 

(kW  m-2) 

Idle 

1 

13.3 

440.9 

271.7 

1.90 

7.4 

330.6 

35.8 

2 

13.6 

440.9 

270.5 

1.61 

8.3 

318.3 

32.9 

3 

13.  1 

439.8 

272. 3 

1.  19 

8.0 

346.  7 

27.3 

4 

13.0 

440.4 

270.4 

— 

5.8 

411.1 

22.2 

5 

12.7 

439.8 

272.3 

1.88 

8.0 

351.7 

29.5 

6 

13.6 

440.9 

272.4 

5.52 

8.2 

316.7 

27.3 

7 

13.3 

441.5 

272.8 

4.42 

16.0 

441.1 

34.6 

8 

13.1 

443.7 

271.9 

2.50 

5.3 

331.1 

26.7 

9 

13.  1 

443.2 

272.5 

1.35 

5.9 

398.9 

27.3 

10 

13.2 

439.8 

272.6 

0.86 

4.0 

325.0 

23.9 

Cruise 

1 

15.9 

540.4 

588.1 

3.68 

15.9 

490.0 

111.9 

2 

15.7 

539.8 

590.5 

4.21 

16.5 

493.3 

128.4 

3 

15.7 

538.2 

586.4 

1.84 

6.9 

461.7 

96.4 

4 

15.6 

540.9 

588.8 

1.68 

4.5 

488.3 

91.4 

5 

15.5 

541.5 

590.9 

— 

— 

474.4 

6 

16. 1 

538.7 

592.3 

2.53 

16. 1 

559.4 

126.1 

7 

16.2 

543.7 

588.3 

2.19 

14.6 

511.1 

135.2 

8 

16.3 

538.2 

589.3 

2.53 

7.1 

518.3 

105.6 

9 

15.8 

540.4 

589.3 

1.87 

17.9 

518.9 

105.6 

10 

15.6 

539.8 

586.9 

1.93 

5.  1 

500.6 

107.9 

"Normal" 

1 

18.6 

570.9 

690.2 

— 

19.4 

577.8 

202.2 

2 

18.5 

569.8 

688.8 

3.01 

17.9 

572.2 

209.0 

3 

18.7 

569.3 

689.  1 

2.83 

10.9 

560.0 

174.9 

4 

18.5 

569.3 

690.2 

1.40 

5.8 

590.6 

142.0 

5 

18.2 

570.9 

689.0 

— 

— 

536. 1 

_ 

6 

18.5 

569.8 

688.5 

2.53 

16.9 

650.0 

187.4 

7 

18.6 

569.8 

687.7 

3.  84 

13.2 

607.2 

207.9 

8 

18.6 

671.5 

687.5 

1.30 

6.9 

506.1 

193.  1 

9 

18.2 

569.8 

688.0 

2.15 

20.  7 

605.6 

205.6 

10 

17.9 

570.4 

688.0 

1 .93 

6.9 

546.  1 

147.7 

"M  i  1  it.'!  r  y 
1 

If 

19.5 

576.5 

726.0 

3.91 

19.6 

591.7 

236.3 

2 

19.4 

575.4 

725.3 

1.36 

14.3 

621.7 

238.0 

3 

19.4 

575.4 

726.0 

2.69 

12.2 

601.1 

197.7 

4 

19.4 

576.3 

725.3 

1 .09 

9.4 

615.0 

226. 1 

5 

19.3 

580.9 

725.3 

— 

12.0 

566.  1 

197.7 

19.9 

578.2 

730.2 

3.06 

16.9 

680.6 

239.7 

7 

19.6 

576.5 

725.9 

3.65 

13.0 

639.4 

248.8 

8 

20.1 

528.7 

726.5 

1.20 

11.6 

699.4 

244.2 

9 

19.5 

577.6 

725.7 

2.07 

14.2 

658.3 

228.3 

10 

18.8 

376.5 

726.8 

3.33 

10.2 

601. 7 

179.5 

f'r. 
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TABLE  31.  SMOKE  NUMBER  (SAE)  LINEAR  LEAST  SQUARES  COEFFICIENTS 
OF  DETERMINATION,  r',  FOR  T56  COMBUSTOR 

_ Combustor  power  level _ _ 

Sea- level 

Fitting  parameter  Idle _ Cruise  Climb-out _ Takeoff 

1 .  Fuel  composition 

parameters 


HX 

0.86 

0.50 

0.65 

0.11 

ARX  <  HPLC) 

0.54 

0.69 

0.59 

0.62 

ARX  <FIA) 

0.38 

0.29 

0.24 

0.19 

MCAH 

0.02 

0.05 

0.00 

0.30 

PCAH 

0.32 

0.33 

0.60 

0.04 

Diffusion  flame 

parameters 

3P 

0.81 

0.50 

0.63 

0.14 

1/SP 

0.88 

0.52 

0.62 

0.11 

T3I 

0.71 

0.40 

0.62 

0.06 

FCR0 

0.70 

0.42 

0.51 

0.07 

‘  FCR 

0.17 

0.04 

0.09 

0.15 

SPE 

0.82 

0.63 

0.71 

0.08 

Premixed  flame 

parameters 

TSIreg 

0.04 

0.00 

0.05 

0.00 

TSIunrog 

0.55 

0.19 

0.19 

0.00 

0<fv> 

0.31 

0.28 

0.35 

0.05 

T<fv> 

0.02 

0.04 

0.02 

0.09 

Operating  condition 

parameters 

Tm 

0.11 

0.02 

0.00 

0.02 

Pin 

0.08 

0.04 

0.01 

0.00 

F/A 

0.02 

0.01 

0.01 

0.00 

C/0 

0.04 

0.02 

0.15 

0.01 

^petered 

0.00 

0.15 

0.11 

0.04 

NAPC  fuels  used  in 

co'TOi  n  Lions 

1  2  0 

1  -10 

1-10 

1-10 

35X  CL  r 2 

0.40 

0.40 

0.40 

0.40 

99X  CL  r2 

0.58 

0.58 

0.58 

0.58 
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TABLE  30  SMOKE  HUMBER  <SAE>,  LINEAR  LEAST  SQUARES  COEFFICIENTS 
OF  DETERMINATION,  r 1 ,  FOR  TF30  COMBUSTOR 


Fittlnq  paramste 


Combustor  power  level 
Sea- level 
Takeoff  Dash 


1.  Fuel  composition 
parameters 


HX 

0.39 

0.35 

ARX  (HPLC) 

0.60 

0.24 

ARX  (FIA) 

0.74 

0.44 

MCAH 

0.58 

0.11 

PCAH 

0.00 

0.24 

2.  Diffusion  flame 
parameters 

SP 

1/SP 
TSI 
FCRq 

afcr 

SPE 

3.  Premixed  flame 
parameters 

TSIreg 
TSIUnre9 
0<fv) 

TCfv> 

4.  Operating  condition 
parameter  a 

Tin 
Pin 
F/A 
C/0 

^metered 

f'APC  fuc'8  used  in 
the  correlations  1,2, 4-7  1,2, 4, 5, 7, 8 

0.66  0.66 

0.84  0.84 


78 


95X  CL  r2 
99*  CL  r2 


0.22 
0.01 
0 . 05 
0.10 
0.00 


0.36 
0.73 
0 . 50 
0.56 
0.44 


0.07  0.04 
0.32  0.10 
0.16  0.01 
0.07  0.21 


0.48 

0.43 

0.41 

0.43 

0.49 

0.33 


0.51 

0.34 

0.50 

0.52 

0.40 

0.39 


TABLE  29.  SUCCESSFUL  CORRELATIONS  OF  SMOKE  EMISSIONS  DATA 


Number  of  Average 

succeesful  correlations  r2  for  Average 

TF30  T56  T53  Total  successes  r2  for 

Fitting  parameter  _ <95*  CL/99*  CL)  95X/99X  all  testa 


1.  Fuel  composition 
parameters 


H* 

0/0 

3/2 

2/0 

5/2 

0.66/0.76 

0.41 

AR*  <HPLC) 

0/0 

4/3 

1/1 

5/4 

0.64/0.67 

0.36 

ARX  <FIA) 

0/0 

0/0 

1/0 

1/0 

0.58/ . . . 

0.23 

MCAH 

0/0 

0/0 

0/0 

0/0 

....  / ... 

0.11 

PCAH 

1/0 

1/1 

1/1 

3/2 

0.74/0.77 

0.36 

2.  Diffusion  flame 
parameters 


SP 

0/0 

3/2 

1/0 

4/2 

0.65/0.72 

0.40 

1/SP 

0/0 

3/2 

2/0 

5/2 

0.62/0.76 

0.40 

TSIdf 

0/0 

3/2 

2/0 

5/2 

0.60/0.68 

0.38 

FCR0 

0/0 

3/1 

2/0 

5/1 

0.56/0.69 

0.35 

afcr 

0/0 

0/0 

0/0 

0/0 

_ / _ 

0.13 

SPE 

0/0 

3/3 

2/0 

5/3 

0.68/0.72 

0.45 

3.  Premixed  flame 
parameters 


TSIreg 

0/0 

0/0 

0/0 

0/0 

•  •  •  •  /  •  •  • 

0.10 

TSIunreg 

1/0 

1/1 

1/1 

3/2 

0 . 70/0 • 68 

0.27 

0<fv> 

0/0 

0/0 

1/0 

1/0 

0.45/. . . 

0.19 

T  <  f  v  > 

0/0 

0/0 

0/0 

0/0 

..../ ... 

0.13 

4.  Operating  condition 
parameters 


Tin 

0/0 

0/0 

0/0 

0/0 

....  /  ... 

0.05 

Pin 

1/0 

0/0 

0/0 

1/0 

0 . 50/ . . . 

0.16 

F/A 

1/0 

0/0 

0/0 

1/0 

0.87/ . .  . 

0.20 

C/0 

1/0 

0/0 

0/0 

1/0 

0.88/ . .  . 

0.24 

Mastered 

1/0 

0/0 

0/0 

1/0 

0.80/ . . . 

0.18 

Total  number  of 

correlations 

4 

4 

4 

12 
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TABLE  28.  SMOKE  EMISSIONS  LINEAR  LEAST  SQUARES  COEFFICIENTS 
OF  DETERMINATION,  r2,  FOR  T53  COMBUSTOR 

_ Combustor  power  level _ _ 

Fitting  parameter  Idle  Cruise  Normal  Military _ 


1.  Fuel  composition 
parameters 


HX 

0.58 

0.05 

0.67 

0.27 

ARX  <HPLC> 

0.14 

0.03 

0.44 

0.73 

ARX  <FI A) 

0.00 

0.13 

0.58 

0.32 

MCAH 

0.31 

0.00 

0.00 

0.08 

PCAH 

0.91 

0.01 

0.17 

0.12 

2.  Diffusion  flame 

parameters 

SP 

0.42 

0.09 

0.67 

0.31 

1/SP 

0.44 

0.04 

0.66 

0.29 

TSI 

0.58 

0.15 

0.64 

0.18 

FCR0 

0.49 

0.16 

0.68 

0.11 

AFCR 

0.05 

0.10 

0.10 

0.11 

SPE 

0.51 

0.01 

0.72 

0.38 

3.  Premixed  flame 

parameters 

TSIrog 

0.18 

0.30 

0.44 

0.00 

TSIUnre9 

0.09 

0.00 

0.76 

0.22 

8<fv> 

0.45 

0.05 

0.40 

0.08 

T<fv> 

0.00 

0.35 

0.12 

0.05 

4.  Operating  condition 

parameters 

Tin 

0.02 

0.00 

0.00 

0.04 

Pin 

0.07 

0. 14 

0.26 

0.13 

F/A 

0.20 

0.01 

0.26 

0.00 

C/0 

0.27 

0.02 

0.42 

0.01 

^metered 

0.10 

0.00 

0.05 

0.05 

NAPC  fuels  used  in 

1-3, 

1-4, 

2-4,6, 

1-4,6, 

correlations 

5-10 

6-10 

7,9,10 

7,9,10 

S5X  CL  r 2 

0.44 

0.44 

0.57 

0.50 

99X  CL  r2 

0.64 

0.64 

0.76 

0.70 

7f. 
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TABLE  27  SMOKE  EMISSIONS  LINEAR  LEAST  SQUARES  COEFFICIENTS 
OF  DETERMINATION,  r2,  FOR  T56  COMBUSTOR 

_ Combustor  power  level _ 

Sea-level 

Fitting  parameter  Idle _ Cruise  CliKb-out  Takeoff 


Fuel  composition 

parameters 

HX 

0.86 

0.50 

0.67 

0.11 

ARX  <HPLC) 

0.50 

0.73 

0.59 

0.64 

ARX  <FIA) 

0.39 

0.28 

0.23 

0.22 

MCAH 

0.02 

0.05 

0.00 

0.33 

PCAH 

0.30 

0.37 

0.63 

0.03 

Diffusion  flame 

parameters 

SP 

0.80 

0.50 

0.63 

0.14 

1/SP 

0.89 

0.50 

0.63 

0.11 

TSI 

0.72 

0.41 

0.64 

0.06 

FCR0 

0.69 

0.43 

0.52 

0.08 

AFCR 

0.14 

0.05 

0.09 

0.17 

SPE 

0.82 

0.62 

0.72 

0.08 

Premixed  flame 

parameters 

TSIreg 

0.04 

0.01 

0.07 

0.00 

TSIunre9 

0.61 

0.16 

0.20 

0.00 

0<fv) 

0.33 

0.29 

0.39 

0.05 

T<fv) 

0.02 

0.03 

0.02 

0.06 

Operating  condition 

parameters 

T  in 

0.11 

0.02 

0.00 

0.02 

Pin 

0.08 

0.05 

0.01 

0.00 

F/A 

0.01 

0.01 

0.02 

0.00 

C/0 

0.03 

0.01 

0.17 

0.01 

®meter«?d 

0.00 

0.18 

0.10 

0.04 

NAPC  fuels  used  in 

correlations 

1-10 

1-10 

1-10 

1-10 

95X  CL  r? 

0.40 

0.40 

0.40 

0.40 

99X  CL  r2 

0.58 

0.58 

0.58 

0.58 

7r) 
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TABLE  26.  SMOKE  EMISSIONS,  LINEAR  LEAST  SQUARES  COEFFICIENTS 
OF  DETERMINATION,  r*,  FOR  TF30  COMBUSTOR 


_ Combustor  power  level _ 

Sea-level 

Fitting  parameter  Idle  Cruise _ Takeoff _ Daah 


1.  Fuel  composition 
parameters 


HX 

0.05 

0.20 

0.51 

0.45 

ARX  CHPLC) 

0.03 

0.08 

0.02 

0.35 

ARX  (FIA) 

0.10 

0.01 

0.06 

0.44 

MCAH 

0.35 

0.06 

0.06 

0.02 

PCAH 

0.69 

0.33 

0.G2 

0.19 

2.  Diffusion  flame 
parameters 


SP 

0.06 

0.19 

0.36 

0.64 

1/SP 

0.01 

0.20 

0.50 

0.52 

TSI 

0.09 

0.15 

0.40 

0.55 

FCR0 

0.07 

0.18 

0.29 

0.54 

AFCR 

0.35 

0.01 

0.04 

0.36 

SPE 

0.06 

0.43 

0.47 

0.59 

3.  Premixed  flame 
parameters 


TSIreg 

0.02 

0.04 

0.02 

0.08 

TSIunreg 

0.21 

0.08 

0.74 

0.14 

0<fv) 

0.02 

0.02 

0.15 

0.00 

T  <f  v> 

0.06 

0.18 

0.38 

0.23 

4.  Operating  condition 
parameters 


T  in 

0.02 

0.01 

0.00 

0.38 

Pin 

0.02 

0.50 

0.01 

0.63 

F/A 

0.09 

0.42 

0.50 

0.87 

C/0 

0.09 

0.47 

0.54 

0.88 

^metered 

0.09 

0.35 

0.36 

0.80 

NAPC  fuels  used  in  the 

correlations 

1-3, 5-8 

1-8 

1,2, 4, 5, 7, 8 

4-8 

95X  CL  r2 

0.57 

0.50 

0.66 

0.77 

99X  CL  r2 

0.76 

0.70 

0.84 

0.92 

7  A 
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TABLE  25.  SUCCESSFUL  CORRELATIONS  OF  LINER  TEMPERATURE  RISE  DATA 

Number  of  Average 

successful  correlations  r2  for  Average 

TF30  T56  T53  Total  successes  r2  for 

Fitting  parameter  _ (95X  CL/99X  CL) _  95X/99X  all  teats 


1.  Fuel  composition 
parameters 


HX 

1/1 

0/0 

0/0 

1/1 

0.83/0.83 

0.26 

ARX  (HPLC) 

0/0 

0/0 

0/0 

0/0 

■  •  •  ■  /  sea 

0.13 

ARX  <FIA> 

0/0 

0/0 

1/0 

0/0 

•  •am/  ■•• 

0.11 

MCAH 

0/0 

1/0 

0/0 

1/0 

0.48/. . . 

0.15 

PCAH 

0/0 

0/0 

2/0 

2/0 

0 . 56/ ... 

0.32 

2.  Diffusion  flame 
parameters 


SP 

2/1 

0/0 

0/0 

2/1 

0.69/0.77 

0.25 

1/SP 

1/1 

0/0 

0/0 

1/1 

0.83/0.83 

0.24 

TSIdf 

1/1 

0/0 

0/0 

1/1 

0.78/0.78 

0.24 

FCR0 

1/0 

0/0 

1/0 

2/0 

0.59/ .... 

0.23 

afcr 

0/0 

0/0 

0/0 

0/0 

_ / _ 

0.16 

SPE 

2/1 

0/0 

0/0 

2/1 

0.77/0.90 

0.25 

3.  Premixed  flame 
parameters 


TSireg 

0/0 

0/0 

0/0 

0/0 

1  •  •  •  /  ■■• 

0.08 

TSIunreg 

0/0 

0/0 

0/0 

0/0 

•  «  •  •  /  ••• 

0.08 

0<fv> 

0/0 

0/0 

0/0 

0/0 

•  •  ■  •  /  ■•• 

0.12 

T<f  v> 

0/0 

0/0 

0/0 

0/0 

•  ■  (  •  /  ••• 

0.13 

4.  Operating  condition 

parameters 


Tin 

0/0 

1/0 

0/0 

1/0 

0.42/. . . 

0.17 

Pin 

0/0 

0/0 

0/0 

0/0 

....  /  ... 

0.13 

F/A 

3/3 

0/0 

1/0 

4/3 

0.74/0.85 

0.38 

C/0 

3/3 

1/0 

2/0 

6/3 

0.66/0.88 

0.42 

^metered 

3/2 

0/0 

0/0 

3/2 

0.74/0.76 

0.30 

Total  number  of 
correlations 

4 

4 

4 

12 

7  S 
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TABLE  24.  LINER  TEMPERATURE  RISE  (MAX)  LINEAR  LEAST  SQUARES 
COEFFICIENTS  OF  DETERMINATION,  r2,  FOR  T53  COMBUSTOR 


1 .  Fuel  composition 
parameters 

H* 

ARX  (HPLC 
ARX  <  F I A  > 

MCAH 

PCAH 

2.  Diffusion  flams 
parameters 

SP 

1/SP 

TSI 

FCR0 

AFCR 

SPE 

3.  Premixed  flame 
parameters 

TSIreg 

TSIUnre9 

0<fv) 

T(fv) 

4.  Operating  condition 
parameters 

Tin 

Pin 

F/A 

C/O 

Bmetered 

NAPC  fuels  used  in 
correlations 

95X  CL  r2 
99x  CL  r2 


0.08  0.26  0.41  0.32 
0.01  0.09  0.26  0.16 
0.07  0.01  0.01  0.00 
O.06  0.16  0.07  0.06 
0.02  0.53  0.58  0.39 


0.06 

0.29 

0.39 

0.33 

0.14 

0.21 

0.33 

0.25 

0.04 

0.27 

0.42 

0.28 

0.06 

0.18 

0.45 

0.28 

0.03 

0.34 

0.17 

0.24 

0.05 

0.19 

0.34 

0.25 

0.01 

0.00 

0.09 

0.03 

0.22 

0.00 

0.00 

0.00 

0.06 

0.02 

0.31 

0.11 

0.08 

0.16 

0.01 

0.09 

0.03 

0.01 

0.16 

0.02 

0.01 

0.32 

0.03 

0.37 

0.10 

0.42 

0.14 

0.40 

0.06 

0.43 

0.22 

0.44 

0.19 

0.33 

0.02 

0.27 

1-7, 

1-7 

1-10 

1-10 

9,10 

9,10 

0.40 

0.40 

0.44 

0.44 

0.58 

0.58 

0.64 

0.64 

12 
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TABLE  23.  LINER  TEMPERATURE  RISE  (MAX)  LINEAR  LEAST  SQUARES 
COEFFICIENTS  OF  DETERMINATION ,  r 1 ,  FOR  T56  COMBUSTOR 


1 


2 


3 


4 


Combustor  .power  level _ 

Sea- level 


Fitting  parameter  Idle _ Cruise  Cliwb-out _ Takeoff 


.  Fuel  composition 
parameters 


HX 

0.15 

0.21 

0.23 

0.10 

ARX  (HPLC) 

0.33 

0.00 

0.00 

0.03 

ARX  (FIA) 

0.20 

0.07 

0.07 

0.19 

MCAH 

0.03 

0.24 

0.31 

0.48 

PCAH 

0.14 

0.26 

0.36 

0.35 

Diffusion  flame 

parameters 

SP 

0.16 

0.12 

0.14 

0.05 

1/SP 

0.12 

0.16 

0.18 

0.07 

TSI 

0.16 

0.14 

0.18 

0.09 

FCR0 

0.24 

0.13 

0.12 

0.05 

afcr 

0.00 

0.20 

0.21 

0.07 

SPE 

0.33 

0.10 

0.09 

0.03 

Premixed  flame 

parameters 

TSIre9 

0.30 

0.00 

0.00 

0.00 

TSIunreg 

0.07 

0.06 

0.04 

0.00 

0(fv> 

0.27 

0.01 

0.03 

0.01 

T(f  v) 

0.14 

0.03 

0.09 

0.08 

Operating  condition 

parameters 

Tin 

0.36 

0.42 

0.10 

0.15 

Pin 

0.02 

0.01 

0.04 

0.21 

F/A 

0.31 

0.31 

0.26 

0.04 

C/0 

0.32 

0.41 

0.37 

0.11 

®metered 

0.28 

0.12 

0.05 

0.00 

NAPC  fuels  used  in 

correlations 

1-10 

1-10 

1-10 

1-10 

95x  CL  r2 

0.40 

0.40 

0.40 

0.40 

99x  CL  r2 

0.58 

0.58 

0.58 

0.58 

7! 
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TABLE  22.  LINER  TEMPERATURE  RISE  (MAX),  LINEAR  LEAST  SQUARES 
COEFFICIENTS  OF  DETERMINATION,  r»,  FOR  TF30  COMBUSTOR 

_ Combustor  power  ltvel _ 

Sea-level 

Fitting  parameter  Idle _ Cruise _ Takeoff  Dash 


1.  Fuel  composition 
parameters 


H* 

0.01 

0.00 

0.83 

0.52 

ARX  (HPLC) 

0.04 

0.00 

0.42 

0.20 

ARX  (FIA) 

0.20 

0.12 

0.24 

0.10 

MCAH 

0.29 

0.06 

0.00 

0.03 

PCAH 

0.14 

0.06 

0.50 

0.45 

2.  Diffusion  flame 

parameters 

SP 

0.00 

0.04 

0.77 

0.60 

1/SP 

0.01 

0.02 

0.83 

0.51 

TSI 

0.00 

0.01 

0.78 

0.55 

FCR0 

0.01 

0.02 

0.72 

0.48 

AFCR 

0.00 

0.01 

0.15 

0.51 

SPE 

0.01 

0.06 

0.90 

0.63 

3.  Premixed  flame 

parameters 

TSIreg 

0.16 

0.32 

0.01 

0.02 

TSIunre9 

0.01 

0.02 

0.44 

0.13 

0<fv) 

0.01 

0.27 

0.30 

0.00 

T(fv) 

0.38 

0.06 

0.37 

0.11 

4.  Operating  condition 

parameters 

Tin 

0.02 

0.48 

0.08 

0.15 

Pin 

0.13 

0.01 

0.00 

0.36 

F /A 

0.05 

0.79 

0.87 

0.89 

C/0 

0.05 

0.80 

0.92 

0.93 

^metered 

0.05 

0.76 

0.68 

0.77 

NAPC  fuels  used  in 

the  correlations 

1-10 

1-8 

1.2, 4-8 

1,2, 4-8 

95X  CL  r2 

0.40 

0.50 

0.57 

0.57 

99X  CL  r2 

0.58 

0.70 

0.76 

0.76 

70 


TABLE  21.  SUCCESSFUL  CORRELATIONS  OF  RADIATION  FLUX  DATA 


Number  of 

successful  correlation* 
TF30  T56  T53  Total 

Fitting  parameter  _ <9?*  Cl-/??*  C.l> _ 


Average 

r2  for  Average 
eucceeaes  r 2  for 

95*/99*  all  teat 


1.  Fuel  compoaition 
parametera 


Hx 

2/0 

2/1 

4/1 

8/2 

0.60/0.74 

0.48 

ARX  (HPLC) 

0/0 

1/0 

0/0 

1/0 

0.56/ . . . 

0.25 

ARX  (FIA) 

0/0 

0/0 

1/0 

1/0 

0.43/ . . . 

0.04 

NCAH 

0/0 

0/0 

0/0 

0/0 

..../ ... 

0.23 

PCAH 

0/0 

0/0 

0/0 

0/0 

...*  /  ... 

0.23 

Diffusion  flame 

parametera 

SP 

2/0 

2/1 

3/1 

7/2 

0.62/0.70 

0.47 

1/SP 

2/1 

2/1 

3/1 

7/3 

0.61/0.71 

0.47 

TSIdf 

2/0 

2/2 

3/2 

7/4 

0.65/0.71 

0.51 

FCR0 

2/0 

2/1 

4/1 

8/2 

0.63/0.76 

0.50 

AFCR 

0/0 

0/0 

1/0 

1/0 

0.59/. . . 

0.13 

SPE 

3/2 

2/1 

1/0 

6/3 

0.67/0.80 

0.45 

Premixed  flame 

parametera 

TSIr«g 

0/0 

0/0 

1/0 

1/0 

0.44/. . . 

0.18 

TSIunre9 

0/0 

0/0 

2/0 

1/0 

0.40/. . . 

0.29 

0<fv> 

0/0 

1/0 

1/0 

2/0 

0.50/. . . 

0.29 

T  <f  y) 

0/0 

0/0 

0/0 

0/0 

..../ ... 

0.12 

Operating  condition 

parametera 

Tm 

0/0 

0/0 

0/0 

0/0 

....  /  ... 

0.05 

Pin 

0/0 

0/0 

0/0 

0/0 

....  /  ... 

0.13 

F/A 

1/0 

0/0 

1/1 

2/1 

0.67/0.64 

0.26 

C/0 

1/0 

0/0 

1/1 

2/1 

0.71/0.71 

0.33 

^metered 

1/0 

0/0 

1/0 

2/0 

0.53/ . . . 

0.16 

Total  number  of 
cor rel at Iona 


3 


4 


4 


11 
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TABLE  20.  RADIATION  FLUX  LINEAR  LEAST  SQUARES  COEFFICIENTS 
OF  DETERMINATION,  r2,  FOR  T53  COMBUSTOR 

Combustor  oowar  levs! 


L.  Fuel  composition 

parameters 

Hx 

ARX  CHPLC) 

ARX  <FIA ) 

MCAH 

PCAH 

2.  Diffusion  flame 
parameters 

SP 

1/SP 

TSI 

FCR0 

AFCR 

SPE 

3.  Premixed  flame 
parameters 

TSIr09 

TSIunre9 

0<fv> 

T<fv) 

4.  Operating  condition 
par  ameters 

Tin 

Pin 

F/A 

C/0 

^metered 

NAPC  fuels  used  in 
correlations 

95X  CL  r2 
99*  CL  r2 


0.42 

0.72 

0.50 

0.27 

0.20 

0.28 

0.43 

0.18 

0.25 

0.09 

0.05 

0.02 

0.04 

0.34 

0.08 

0.39 

0.69 

0.56 

0.40 

0.64 

0.43 

0.45 

0.75 

0.48 

0.47 

0.59 

0.56 

0.17 

0.19 

0.59 

0.26 

0.54 

0.27 

0.35 

0.44 

0.34 

0.40 

0.42 

0.24 

0.26 

0.38 

0.12 

0.19 

0.00 

0.07 

0.01 

0.17 

0.07 

0.00 

0.24 

0.07 

0.12 

0.23 

0.13 

0.17 

0.33 

0.24 

0.05 

0.09 

0.02 

1-4, 

1-4,6 

1-10 

6-10 

7,9,10 

0.40 

0.44 

0.50 

0.5 

0.64 

0.70 
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TABLE  19.  RADIATION  FLUX,  LINEAR  LEAST  SQUARES  COEFFICIENTS 
OF  DETERMINATION,  r‘,  FOR  T56  COMBUSTOR 


Fittina  parameter  Idle 

Fuel  composition 
parameters 

H* 

0." 

ARX  (HPLC) 

0.5 

ARX  <FIA) 

o.: 

MCAH 

PCAH 

o.c 

o> 

Diffusion  flame 
parameters 

SP 

1/SP 

TSI 

FCR0 

AFCR 

SPE 

0.' 

o.: 

0.( 

or 

o.< 

or 

Premixed  flame 
parameters 

TSIreg 

0. 

TSXUnre9 

0.- 

0(fv> 

0.' 

T(fv) 

o.< 

Operating  condition 
parameters 

Tin 

o.« 

Pin 

o.< 

F/A 

0. 

C/0 

0. 

®metered 

0. 

NAPC  fuels  used  in 
correlations 

l- 

95X  CL  r2 

0. 

99X  CL  r2 

0. 

Combustor  power  level _ 

Sea- level 

Cruise  Climb-out  Takeoff 
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TABLE  18.  RADIATION  FLUX,  LINEAR  LEAST  SQUARES  COEFFICIENTS 
OF  DETERMINATION,  r*,  FOR  TF30  COMBUSTOR 


1.  Fuel  composition 

parameters 

HX 

ARX  (HPLC> 

ARX  <FIA) 

MCAH 

PCAH 

2.  Diffusion  flame 
parameters 

SP 

1/SP 

TSI 

FCR0 

AFCR 

SPE 

3.  Premixed  flame 
parameters 

TSIrog 

TSIUnre9 

0<fv> 

T(fv> 

4.  Operating  condition 
parameters 

Tin 

Pin 

F/A 

C/O 

^metered 

NAPC  fuels  used  in 
the  correlations 

95X  CL  r2 
99X  CL  r2 


Combustor  power 
Sea-level 
as _  Takeoff _ 


0.64 

0.63 

0.60 

0.61 

0.11 

0.75 


0.43 

0.50 

0.48 

0.46 

0.00 

0.59 


Dash 


0.59 

0.50 

0.70 

0.20 

0.23 

0.44 

0.22 

0.09 

0.31 

0.00 

0.02 

0.02 

0.30 

0.43 

0.35 

0.67 

0.75 

0.69 

0.68 

0.02 

0.80 


0.00 

0.02 

0.01 

0.32 

0.23 

0.37 

0.10 

0.41 

0.40 

0.18 

0.46 

0.34 

0.00 

0.01 

0.00 

0.51 

0.00 

0.40 

0.28 

0.70 

0.21 

0.36 

0.71 

0.29 

0.19 

0.62 

0.09 

1,3-8 

1,2, 4-8 

1,2,4 

0.57 

0.57 

0.57 

0.76 

0.76 

0.76 

TP-451 


TABLE  32.  SMOKE  NUMBER  <SAE>  LINEAR  LEAST  SQUARES  COEFFICIENTS 
OF  DETERMINATION,  r2,  FOR  T53  COMBUSTOR 

_ Combustor  power  level _ 

Fitting  parameter  Idle  Cruias  Normal  Military 


1.  Fuel  composition 
parameters 


H* 

0.63 

0.42 

0.21 

0.26 

ARX  (HPLC) 

0.17 

0.31 

0.23 

0.47 

ARX  CFIA) 

0.25 

0.11 

0.05 

0.14 

MCAH 

0.00 

0.02 

0.02 

0.03 

PCAH 

0.19 

0.14 

0.07 

0.24 

2.  Diffusion  flame 

parameters 

SP 

0.46 

0.44 

0.27 

0.30 

1/SP 

0.62 

0.32 

0.14 

0.19 

TSI 

0.58 

0.39 

0.20 

0.30 

FCR0 

0.58 

0.44 

0.26 

0.35 

AFCR 

0.00 

0.56 

0.78 

0.48 

SPE 

0.56 

0.15 

0.05 

0.17 

3.  Premixed  flame 

parameters 

TSIr«g 

0.35 

0.34 

0.18 

0.24 

TSIUnre9 

0.79 

0.08 

0.00 

0.00 

0<fv) 

0.59 

0.16 

0.01 

0.14 

T(fv> 

0.05 

0.01 

0.03 

0.10 

4.  Operating  condition 

parameters 

Tm 

0.00 

0.07 

0.15 

0.00 

Pin 

0.07 

0.31 

0.01 

0.14 

F/A 

0.05 

0.09 

0.04 

0.35 

C/O 

0.11 

0.14 

0.08 

0.38 

®metered 

0.00 

0.02 

0.00 

0.25 

NAPC  fuels  used  In 

1-4, 

1-4,6, 

1-7 

correlations 

1-10 

6-10 

7,9,10 

9,10 

95X  CL  r2 

0.40 

0.44 

0.50 

0.44 

99X  CL  r2 

0.58 

0.64 

0.70 

0.64 

80 


TABLE  33.  SUCCESSFUL  CORRELATIONS  FOR  SMOKE  NUMBER  DATA 


Number  of  Average 


Fittina  Darameter 

successful 
TF30  T56 

<95X 

correlations 
T53  Total 

CL/99X  CL > 

r2  for 
successes 

95X/99X 

Average 
r2  for 
all  tests 

Fuel  composition 
parameters 

Hx 

0/0 

3/2 

1/1 

4/3 

0.66/0.71 

0.41 

ARX  CHPLC) 

0/0 

4/3 

1/0 

5/3 

0.58/0.63 

0.36 

ARX  (FIA) 

1/0 

0/0 

0/0 

1/0 

0.78/. . . 

0.23 

MCAH 

0/0 

0/0 

0/0 

0/0 

_ /.  .  . 

0.11 

PCAH 

0/0 

1/1 

0/0 

1/1 

0.60/0.60 

0.22 

2.  Diffusion  flame 
parameters 


SP 

0/0 

3/2 

2/0 

5/2 

0.57/0.72 

0.45 

1/SP 

0/0 

3/2 

1/1 

4/3 

0.66/0.71 

0.42 

TSIdf 

0/0 

3/2 

1/1 

4/3 

0.58/0.64 

0.42 

FCR0 

0/0 

3/1 

2/1 

5/2 

0.53/0.64 

0.43 

AFCR 

0/0 

0/0 

3/1 

3/1 

0.61/0.78 

0.32 

SPE 

0/0 

3/3 

1/1 

4/4 

0.68/0.68 

0.39 

3.  Premixed  flame 

parameters 

TSIreg 

0/0 

0/0 

0/0 

0/0 

esse/  see 

0.13 

TSIunre9 

0/0 

1/0 

1/1 

2/1 

0.67/0.79 

0.22 

0<fv> 

0/0 

0/0 

1/1 

1/1 

0.59/0.59 

0.21 

T(fv> 

0/0 

0/0 

0/0 

0/0 

....  / ... 

0.06 

4.  Operating  condition 

parameters 

Tin 

0/0 

0/0 

0/0 

0/0 

a...  /  ... 

0.10 

Pin 

1/0 

0/0 

0/0 

1/0 

0.73/ . . . 

0.14 

F/A 

0/0 

0/0 

0/0 

0/0 

•  a..  /  ... 

0.12 

C/0 

0/0 

0/0 

0/0 

0/0 

a...  /  ... 

0.16 

^metered 

0/0 

0/0 

0/0 

0/0 

•  a../  ... 

0.10 

Total  number  of 

correlations 

2 

4 

4 

10 

TP-451 


TABLE  34  SUCCESSFUL  FUEL  PARAMETER  CORRELATIONS 


TF30  T56  T53 

_ <95X/99X> 


laiful 

TOTAL 


Average  r*  for 


Fuel  composition 

paraaetera 

HX 

ARX  (HPLC) 

ARX  (FIA) 

MCAH 

PCAH 


3/1 

8/5 

7/2 

18/8 

0.39 

0/0 

9/6 

2/1 

11/7 

0.29 

1/0 

0/0 

2/0 

3/0 

0.20 

0/0 

1/0 

0/0 

1/0 

0.10 

1/0 

2/2 

3/1 

6/3 

0.28 

Diffusion  flame 
parameters 

SP 

1/SP 

TSI 

FCR0 

&FCR 

SPE 


4/1 

8/5 

6/1 

18/7 

0.39 

3/2 

8/5 

6/2 

17/9 

0.38 

3/1 

8/6 

6/3 

17/10 

0.38 

3/0 

8/3 

9/2 

20/5 

0.37 

0/0 

0/0 

4/1 

4/1 

0.18 

5/3 

8/7 

4/1 

17/11 

0.38 

.  Premixed  flame 
parameters 

TSIrog 

TSIunreg 

0Cfv> 

T(f  v> 

.  Operating  condition 
parameters 

"All" 

Total  number  of  tests 


0/0 

0/0 

1/0 

1/0 

1/0 

2/1 

3/2 

6/3 

0/0 

1/0 

3/1 

4/1 

0/0 

0/0 

0/0 

0/0 

7/3 

1/0 

3/1 

11/4 

13 

16 

16 

45 

0.12 

0.21 

0.20 

0.11 
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FIGURE  4  PREMIXED  FLAME  SOOT  YIELD  AND  EMISSION  TEMPERATURE  APPARATUS 
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EQ 

FIGURE  5  PREMIXED 
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FIGURE  12  VARIATION  OF  THRESHOLD  SOOTING  INDICES 
WITH  TOTAL  AROMATIC  CONTENT 

O  =  NAPC  1-10;  □  =  other  NAPC  fuels  (see  Table  1), 

The  fitted  line  disregards  NAPC-16,  HCGO,  and  XTB 
and  has  r*  =  0.72. 
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FICURE  Ifi  THE  EQUIVALENCE  RATIO  AT  fv  =  2  x  10"7  COMPARED 
WITH  THE  SOOT  THRESHOLD  EQUIVALENCE  RATIO 

O-  unregulated  burner  data:  □  =  regulated  burner  data. 
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